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Effects of Atropine on “Waltzing Syndrome’ in 
Mice after Iminodipropionitrile. 


By 
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Five years ago DeLay, Picnor, THUILLIER and MarquiseEz (1952) 
stated that administration of iminodipropionitrile to mice could 
evoke a sort of ‘‘waltzing syndrome” in these animals. In a previous 
report (RUDBERG 1957) some observations in connection with this 
special kind of “waltzing syndrome” were given. Further experi- 
ments have shown that, though mice after intraperitoneal injec- 
tions of iminodipropionitrile in most cases get their co-ordination 
of movements deranged so that they cannot swim, only a few of 
them show a high degree of hyperactivity and compulsive circling. 
The influence of atropine, in doses of 0.2 g/kg on such selected 
mice with a high degree of hyperactivity and compulsive circling, 
has now been subject to investigation. 


Methods. 


Iminodipropionitrile was given as a 10 % v/v solution in distilled 
water. It was given intraperitoneally in dosages of 1.5 g/kg or 
1.0 g/kg during three days and 0.75 g/kg on the fourth day. In 
order to record the movements the mice were placed in a small 
cage of aluminium, suspended by means of thin threads or a small 
hook fixed in the lower membrane of a Marey capsule. The mouse 
remained 10 minutes in this cage at every experiment, during which 
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Table I. 
Saline-controls. 


Figures denote degree of activity according to an arbitrary scale 0—8. 


Before After After After After 
injection 37—40 62—80 2—2.5 3-4 
minutes minutes hours hours 
Mean: 5.4 5.7 5.6 5.5 5.6 
(5. mice) 
Range: (4.2—7.0) (4.8—6.9) (4.7—7.0) (4.7—7.1) (4.8—6.5) 


time it was observed and its behaviour noted. After 3 minutes the 
kymographic record was started and run for every other of the 7 
minutes that the mouse remained in the cage. In this way 4 
kymographic records of 1 minute’s duration were obtained at 
every test. They were rated according to an arbitrary scale ranging 
numerically from 0—8. The arithmetical mean of the figures for 
the four kymographic records was used as a measure of the ac- 
tivity. 

The atropine sulphate was injected subcutaneously in 1 per cent 
solution (in saline). When estimating the time passed between the 
injection and an observation, the starting of the first one of the 
four kymographic records was considered as the point of time for 
the observation. In a few cases the behaviour of the mice in the 
cage was filmed during the recordings. 


Results. 


No essential change of the activity of the mice was observed 
when saline was injected into 5 hyperactive animals, either 
before or on different days after administration of atropine (Fig. A 
and B). In performing the experiments with atropine as well as 
with saline-controls care was taken that the recordings were 
made at fixed times after the injection (Table I). 

Atropine was injected subcutaneously as a 1 per cent solution 
(in saline) in doses of 0.2 g/kg into 9 mice, showing a high degree 
of hyperactivity after treatment with iminodipropionitrile. Some 
mice received repeated doses of atropine on different days. A 
total of 15 experiments with atropine was made. Immediately 
before the injection of wineyene the movements of the mice were 
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Fig. 1. 
: records before injection of saline 
: records 38 minutes after injection of saline 
: records before injection of atropine 
: records 38 minutes after injection of atropine 


Only the first two of the four 1 minute records of every test have been reproduced 
in this figure. 


recorded, and repeated 37-40 minutes, 62—80 minutes and 2- 

21/, hours after the injection. In many cases (10 experiments with 
6 mice) recordings were made 3—4 hours after the injection and 
again (7 experiments with 4 mice) 5—6 hours after the injection. 
It was established that the hyperactivity and the compulsive, 
circling movements were, with one exception (see below), consider- 
ably diminished after injection of atropine in this dosage (Fig. ( 
and D). Thus the figures of the kymographic records made 37—40 
minutes and 62—80 minutes after the injection of atropine in the 
hyperactive animals were about the same as those of untreated, 
normal mice. The mice were awake but were sitting still or moving 
irregularly to and fro in the cage. Even at later observations, 2- 

27/, hours, 3—4 hours and 5—6 hours after the injection of 
atropine, the activity was as a rule considerably less than before 
the injection (Table II). The mice showed some circling movements 
now and then, which could be considered as an indication of com- 


B 
| | 4 
6.5) 

ay 4 

d at 
ging | Ps 
sfor | 

ac- 

cent 

the 

the 
the 


202 RUDBERG. 


Table II. 


9.2 g/kg atropine sulphate injected subcutaneously into hyperactive mice 
(treated with iminodipropionitrile). 


Figures denote degree of activity according to an arbitrary scale 0—8. 


Mouse | Date} Before After After After After After 
injection | 37—40 62—80 2—21/, | 3-4 5—6 
minutes | minutes | hours hours hours 
ST 7.3 0.5 
Pp 4.8 12 
J 7.1 2.7 4.1 
aa aad 5.7 0.6 0.0 re | 0.0 1.0 
30/, 4.0 0.0 5 0.9 1.4 
IP 3.7 0.2 0.0 5 0.9 1.0 
ce iP 6.7 0.4 0.0 1.4 0.2 2.1 
4/, 5.2 1.2 0.0 0.7 1.5 2.9 
6.0 0.0 0.0 1.0 1.2 
ee 9/. 5.0 0.2 0.9 1.0 0.4 U.4 
MM 5/6 3.2 2.0 
LL 7/6 5.0 1.2 2.7 2.1 
Mean: 5.4 0.8 1.0 1.6 1.3 28 
Range: (3.2—7.3) | (0.0—1.7) | (0.0—2.7) | (0.5—2.7) | (0.0—4.1) | (0.4—2.9) 


pulsive movements. At the two last recordings (3—4 hours and 5— 
6 hours after the injection of atropine) there were sometimes short 
periods of more typical compulsive, circling movements, though 
they were not performed with the same speed as before the injection. 

In the mouse not included in the table which failed to show any 
reduction of the hyperactivity 11/,.—21/, hours after the injection 
of atropine, a second injection on the following day caused a short- 
lasting reduction of its activity. On the next day a third injection 
of atropine was followed by a high degree of reduction of the ac- 
tivity up to 5 hours after the injection. 

In order to see if repeated injections during several days changed 
the reaction, one mouse received a daily injection of atropine during 
4 days and the movements were recorded 37—38 minutes, 62-65 
minutes, appr. 2 hours, appr. 37/, hours and appr. 5—6 hours 
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after the injection. No definite change in the effect of atropine 
could, however, be noticed. 

Untreated, normal mice have as a rule a low activity level, and 
therefore it is difficult to evaluate the effect of atropine on them 
with the method used here. From experiments with 4 normal mice it 
appeared, however, that subcutaneous injection of atropine in a 
dose of 0.2 g/kg also into the normal mouse slightly diminishes its 
activity. 


Discussion. 


The inhibitory effect of atropine on the waltzing syndrome ob- 
served in the present experiments may be a manifestation of the 
well-known anti-tremor action of this drug. This effect is generally 
described as a primary depressant action on certain central motor 
mechanisms which control movements and muscle tone. Of the 
few experimental studies in this field may be mentioned the anti- 
tremor action of atropine found by VERNIER and Unwna (1953) in 
monkeys in which tremor was induced by lesions in subthalamus 
or in the midbrain reticular formation. 

The central anticholinic action of atropine, which prevents or 
inhibits the excitatory effects of eserine, DFP and cholinomimetic 
drugs may also come into play in this connection. Too little is 
known at present, however, about the mechanism of origin of the 
motor phenomena induced by iminodipropionitrile to allow a 
more detailed discussion of the inhibitory action of atropine in this 
respect. 


Summary. 


If atropine sulphate, in doses of 0.2 g/kg, is given subcutaneously 
to mice, previously treated with iminodipropionitrile and showing 
“waltzing syndrome” with pronounced hyperactivity and compul- 
sive, circling movements, these symptoms are greatly reduced. The 
effect of atropine generally lasts 3—6 hours; after 24 hours full 
hyperactivity has returned. The effect of atropine can then be 
repeated. 
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Glycolysis and Respiration in Ehrlich Ascites 
Tumour Cells.’ 


I. Phosphate Metabolism in Relation to Glycolysis and 
the Crabtree Effect. 


By 
ELLING KVAMME. 


Received 30 December 1957. 


In the ascites tumour cells glycolysis exerts a pronounced in- 
hibitory effect on the respiration (Crabtree effect, CRABTREE 
1929). On the other hand, a clear cut Pasteur effect defined as a 
reduced aerobic glucose utilization, has been demonstrated 
(Ev’tsina and Seits 1951; and Mc Kee 1956). The Crabtree 
effect which has been considered to be a reversed Pasteur effect, f 
has been studied by Ev’rsina and Serrs (1951), Kun, TALALAy 
and (1951), Mc Kerr, LonsperG-Hotm and 
JEHL (1953), CHANCE (1953), Racker (1956) and others (TIEDE- 
MANN 1952; Etrncor and GERSHANOVICH 1953; Brin 1953; 
Acs and Straus 1954; SLtecuta, JacusBoviG and Sorm 1955.). 
Regarding normal cells, an inhibitory action of glycolysis on res- 


1 Preliminary experiments (Racker 1956) were done in Dr. E, Racker’s 
Laboratory, The Public Health Research Institute of the City of New York, 
New York. 

Abbreviations: The following abbreviations have been employed: ATP, ADP 
AMP, adenosinetri-, di- and monophosphate. DNP, 2,4 dinitrophenol. DPN, 
DPNH, oxidized and reduced diphosphopyridine nucleotide. TPN, TPNH, oxi- 
dized and reduced triphosphophyridine nucleotide. IAA, iodoacetic acid. TCA, 
tricarboxylic acid. HDP, fructose-di-phosphate. PCA, perchloric acid. 
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piration has been found in leukocytes (Mc Kinney et al. 1953; 
Martin, Mc Kinney and GREEN 1955), and recently also in 
retinal cells (COHEN 1957). 

Several theories have been advanced to explain the Crabtree 
effect. RackER (1956) and Garr, Krimsky and Racker (1956) 
proposed a shuttling of limited amounts of adenine nucleotides 
between respiratory and glycolytic processes. Acs and Straus 
(1954) and Brin and Mc KEE (1956) hold the view that inorganic 
phosphate is limiting for respiration, being predominantly 
used in the glycolysis. CHance (1953), CHANCE and WILLIAMS 
(1956) deny this, and state that it is the ADP and not 
the inorganic phosphate level which controls the rate of 
respiration. 

As reported in preliminary notes (KvAMME 1956, 1957) the 
present author has demonstrated a phosphate limitation for 
aerobic glycolysis, combined with an accumulation of phosphate 
esters. The experiments also suggest that the TCA cycle is rate 
limited due to the alpha ketoglutarate-succinate reaction. The 
results have lead to the general conclusion that the increased 
demand for inorganic phosphate, caused by the vigorous phospho- 
rylations accompanying aerobic glycolysis, is the main reason for 
the Pasteur effect as well as the Crabtree effect in the ascites cells. 

This article is particularly concerned with the effect of inorganic 
phosphate on glycolysis and respiration. In addition the cellular 
concentration of acid soluble phosphate compounds and _ phos- 
phate uptake by the cells were investigated. 


Methods and Materials. 


Maintenance and treatment of the cells. 


Ehrlich ascites tumour cells were maintained by semiweekly intra- 
peritoneal inoculations of 0.1 ml ascites fluid diluted 1—10, into hybrid 
Swiss mice of both sexes. The mice were about two to three months 
old. The ascites fluid was withdrawn on the 10—14th day after inocula- 
tion. KLEIN’s technique (KLEIN and Révisz 1953) for these proce- 
dures was used throughout. The animals were kept on bread, milk 
and water ad libitum, along with vitamin supplements (A, D, C and B 
complex). 

The cells were in most cases washed three times in isotonic phos- 
phate — saline buffer (20 wmoles of potassium phosphate per ml) 
pH 7.4, or in isotonic saline alone. The preparation of the cell sus- 
pension was done according to Kun, TALALAY and WILLIAMS-ASHMAN 
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(1951). Ascites fluid containing excessive amounts of blood was dis- 
carded. Moderate amounts of blood were removed by rapidly sus- 
pending the cells in ice cold distilled water, followed by immediate 
centrifugation for 2 minutes in the cold room and washings twice in 
saline or phosphate — saline buffer. By this technique the red cells 
are hemolyzed while the ascites cells maintain their respiratory and 
glycolytic capacity unchanged, provided the procedure is carried out 
rapidly (CHANCE, personal communication). Traces of blood in the 
ascites fluid were removed by slow centrifugation (Mc KEE et al. 1953). 
Care was taken to avoid lumps in the final cell suspension, which was 
stored at 0° C prior to use. 


Measurement of the oxygen uptake and glycolysis. 


The oxygen uptake was measured by the standard Warburg tech- 
nique (UMBREIT, Burris and Staurrer 1948) using 15 ml flasks 
with 0.2 ml 10 N NaOH on a roll of filter paper in the center well, 
and the substrate in the side arm. The total volume of the incubation 
mixture was 2 ml. Care was taken to maintain an isotonic ionic con- 
centration by adding constant amounts of sodium and potassium 
salts. In each Warburg flask 0.1—0.2 ml of packed cells (2,500 x g, 
30 minutes, 0.020 M phosphate buffer) were usually used. The sub- 
strate was tipped into the main compartment after temperature equili- 
bration for 10 min. at 37° C. Readings were taken every 10 min., and 
the reactions usually stopped after 60 min. 

Glucose was estimated according to NELson’s method (1944) and 
lactic acid by BarKER & SuMMERSON’s (1941). 


Estimation of acid soluble phosphate compounds. 


The acid soluble phosphate compounds were determined in a per- 
chloric acid extract of the ascites cells, as follows: At the end of the 
incubation the cell suspensions were immediately cooled in ice and 
centrifuged in the cold. The supernatant was poured off, and the sur- 
face carefully rinsed with 1 ml of 0.9 per cent NaCl which was dis- 
carded. The cells were then extracted once with 1 ml of 0.6 N PCA 
(icecold) and twice with 2 ml of 0.3 N PCA per 0.2 ml of packed 
cells. The perchloric acid in the combined extracts was precipitated 
with KOH, and the pH adjusted to 7.4. Inorganic phosphate was 
determined according to a modified procedure (Martin and Dory 
1949) of BERENBLUM & CuHaIn’s original method (1938); acid labile 
phosphate after hydrolysis in 1 N HCl for 10 min. at 100° C; total acid 
soluble phosphate and total phosphate by digestion with H,SO, and 
HNO, (PETERS and vAN SLYKE 1932); fructose-1.6-diphosphate in the 
barium insoluble fraction (UMBREIT et al. 1948) using the method of 
RoE and Papapopou.os (1954), and hexose monophosphate enzym- 
atically (Stern 1950; Waxaas 1955). For the latter determination 
glucose-6-phosphate dehydrogenase (Sigma, practical type II), was 
employed. Some preparations were contaminated with 6-phospho- 
gluconic acid dehydrogenase. In this case a longer reaction time than 
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the usual 10—20 min. was necessary, and 2 moles of TPN are quantita- 
tively reduced for each mole of glucose-6-phosphate utilized. 


Estimation of intracellular, inorganic phosphate. 


The intracellular, inorganic phosphate (Pi) content of the ascites 
cells was determined indirectly according to a method used for cor- 
puscles (KvAMME 1951). The inorganic phosphate concentration was 
measured in an ice cold KOH precipitated perchloric acid extract of 
the cell suspension (Ps), and the cell supernatant (Pu), after having 
spun down the cells. By aid of the per cent cell volume (H), obtained 
by centrifuging the cell suspension in hematocrit tubes for 30 min. 
at 2,500 x g, the intracellular, inorganic phosphate could be calculated: 


Pi = Ps — Pu x (1 aw} 


Estimation of adenine nucleotides. 


The concentrations of adenine nucleotides were determined en- 
zymatically in the KOH precipitated PCA extract of the cells, as sug- 
gested by Katckar (1947), using a technique similar to that of Jorr- 
GENSEN and CHEN (1956). Adenylic acid deaminase (NIKIFORUK and 
CoLowick 1955) and adenylate kinase (CoLowicKk 1955) were prepared 
and purified from rabbit muscle. Hexokinase was obtained commer- 
cially from the Sigma Corporation (Practical Type III). In known mix- 
tures of the adenine nucleotides, this technique gave 90—95 per cent 
recoveries of AMP and ADP, and 70—80 per cent recoveries. of ATP, 
in relation to the phosphate split by acid hydrolysis in 10 minutes or 
the absorbancy at 260 mu. 

Due to the long time involved in the determination of ATP, an 
alternate method based on KorNnBERG’s technique (1950, 1955) was 
worked out and found more reliable for this estimation. Here ATP 
was first converted to glucose-6-phosphate and ADP by the addition 
of glucose, Mg and hexokinase, and the glucose-6-phosphate formed, 
determined using glucose-6-phosphate dehydrogenase and TPN, as 
previously described. The glucose-6-phosphate dehydrogenase con- 
tained adenylate kinase, and the hexokinase, TPNH oxidase. These 
impurities made it necessary to perform the reaction in two separate 
steps. The hexokinase reaction was first run by incubation of the 
extract for 5 minutes at room temperature with glucose, Mg, phosphate 
and hexokinase. The reaction mixture to which was added HC! to 
give a final concentration of 1 N was then incubated at 100° C for 10 
min., neutralized with KOH, centrifuged (when necessary), and the 
concentration of glucose-6-phosphate determined by measuring the 
reduction of TPN at 340 my in the presence of glucose-6-phosphate 
dehydrogenase. A Beckman apparatus model DU was used for the 
spectrophotometric estimation. To facilitate the neutralization, the 
glucose-6-phosphate determination can be run in a fairly strong buffer 
solution (0,2M Tris (hydroxymethyl) aminomethane and 0,2M glycyl- 
glycine buffer pH 7.4). Using measured volumes of standard HCl 
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and KOH the method is quite rapid, and the recovery of ATP in known 
mixtures of ATP, ADP and AMP, 75+- 3.0 per cent. Any hexose mono- 
phosphate present in the extract had to be measured separately and 
subtracted from the total glucose-6-phosphate determined. By the acid 
hydrolysis, the TPNH oxidizing enzyme present in the hexokinase, 
as well as the hexokinase, was removed, and the ADP formed by the 
hexokinase reaction split to AMP. Negligible amounts of glucose-6- 
phosphate were split during the acid treatment. No influence of IAA 
and malonate was observed upon the recoveries of the adenine nucleo- 
tides determined by the enzymatic methods described. 

The effect of glucose on the concentrations of adenine nucleotides 
(Table III), was also confirmed by chromatographic isolation on an 
exchange column (CoHN and CarTER 1950; Conn 1957). 


Measurement of P?*. 


A Tracerlab’s “1,000 Scaler’ was used for the estimation of P*. 
Duplicate samples were counted, and each planchet counted for a time 
sufficient to give a total of 10,000 counts or more. The counts were 
corrected for background and decay, but no correction for self ab- 
sorption was necessary. Aliquots of the isobutanol-benzene extract 
used for the phosphate analysis, were plated, dried and counted. 
Aliquots of the KOH precipitated PCA extract and the acid insoluble 
phosphate fraction dissolved in KOH were also plated, dried and 
counted directly. 


Reagents. 


Bacto dextrose “Difco”, a glucose preparation of high purity, was 
used throughout. Tris (hydroxymethyl) amino-methane (Tris), TPN 
(95—100 per cent pure) and the sodium salts of ATP, ADP, AMP 
(5-phosphates, 90—95 per cent purity), derived from muscle, were 
products of the Sigma Corporation. Iodoacetic acid was obtained 
from Light & Co and P* from Institutt for Atomenergi, Kjeller, 
Norway. The other reagents were of the highest purity, analytical 
grade. The reagents were brought to pH 7.4 before use, when necessary. 
The solutions were stored in the deep-freeze, where they kept for 
weeks or months. 


Results. 


Ejfect of inorganic phosphate in the medium on glycolysis and 
respiration. 


Confirming earlier reports (Mc Kex et al. 1953) the ionic strength 
of the incubation medium could be changed by 50 per cent or 
more before there was any appreciable effect on respiration. 
Glycolysis seemed to be quite insensitive to great variations in 
the ionic strength. Omitting potassium from the incubation 
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medium did not affect glycolysis or respiration. This is of interest 
in view of the report of CHRISTENSEN et al. (1952 a, b) that the 
fairly small potassium concentrations normally present in ascites 
plasma stimulate the uptake of amino acids into the ascites cells. 

Phosphate on the other hand exerted a pronounced influence 
on glycolysis. Thus the glucose uptake and the lactic acid forma- 
tion were stimulated when the phosphate concentration was in- 
creased to 40 umoles per ml (Fig. 1). To obtain sufficient buffering 
capacity, 35 wmoles per ml of Tris buffer were added to each flask. 

With glucose as substrate the rate of oxygen uptake was slightly 
inhibited by phosphate (Table I). The phosphate inhibition of 
respiration during glycolysis varied between 0—40 per cent for 
reasons not fully understood. The inhibition is not a pH effect, 
as the stimulated lactic acid formation in the presence of phos- 
phate was counteracted by the buffering capacity of the phos- 
phate medium. 

No significant effect of phosphate was found on the endogenous 
respiration, unless there was excessive washing in saline. 

InpseN, Mc Carty and Mc Kee (1956) and Brin and Mc KEE 
(1956) have reported a stimulation of respiration by phosphate. 
These investigators incubated for 2 hours, using glucose con- 
centrations of 3 wmoles per ml or less. From these data, the possibil- 
ity is not excluded that an increased phosphate concentration 
brings about a stimulated rate of glycolysis with the result that 
the concentration of glucose is reduced below the level necessary 
to produce a Crabtree effect. 


Acid soluble phosphate compounds in ascites cells. 


An increased rate of phosphorylation accompanying aerobic 
glycolysis has been previously demonstrated in ascites cells 
(Ex’tsina and Seits 1951; Acs and Straus 1954). From Table IT 
it is seen that glucose produced an accumulation of acid soluble 
phosphate esters (7. e. acid labile phosphate esters and hexose- 
phosphates), the increase of which was little affected by IAA. 
TAA was used in concentrations that maintained the pH above 
7.0 by limiting the glycolytic acid production without reducing 
the rate of endogenous respiration appreciably. 

Glycolysis decreased the level of cellular inorganic phosphate 
markedly (Fig. 2). However, even during glycolysis a definite 
amount of cellular inorganic phosphate was found, and the con- 
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Glucose 


5 £0 KX 35 40 50 SF 60 .68 fe 73 80 
Added Plu ™) 
Fig. 1. Effect on glycolysis of the concentration of inorganic phosphate in the medium. 


The cells were washed with 0.9 per cent NaCl. The test system contained in a 

final volume of 2 ml: 70 yumoles of tris (hydroxymethyl) aminomethane (Tris) 

buffer pH 7.4, 25 pmoles of glucose, potassium phosphate buffer pH 7.4 as in- 

dicated in the figure and a cell suspension (0.1 ml of packed cells). The incuba- 

tion was performed in Erlenmeyer flasks and the glucose added after pre-incuba- 

tion for 10 min. at 37° C. The incubation was continued for an additional 60 min. 
at 37° C. The glucose uptake and lactic acid formation were measured. 


centration was increased when the extracellular inorganic phos- 
phate was increased. The presence of [AA reduced the level of 
inorganic phosphate during glycolysis to about one third 
(Table II). 

Previous investigations of the Crabtree effect have focused 
interest upon the adenine nucleotides. Thus, Acs and Srraus 
(1954) found an increase in ATP accompanying aerobic glycolysis. 


Loctic ) 
} f 
36 | ; 
| 
¢ 
= i 
fi 
2 oO 
n 
20 
} si 
it 
L 
| 
| 
6 (1 
2 T 
| 


[OSC 


uM) 


edium. 
dina 
(Tris) 
as in- 
icuba- 
cuba. 
) min. 


yhos- 
el of 
hird 


used 
AUB 
ysis. 


GLYCOLYSIS AND RESPIRATION. 211 


Table I. 
Effect of inorganic phosphate in the medium on respiration. 
Phosphate ...... 0 40 0 40 
143.3 124.2 167.4 176.9 
+ 5.8 + 8.0 + 4.8 4.9 
Ne. 12 7 


The cells were washed with 0.9 per cent NaCl. The test system contained in a 
final volume of 2 ml: 40 pmoles of potassium phosphate buffer pH 7.4 or 80 umoles 
of KCl (to the flasks with no phosphate), 70 wmoles of tris (hydroxymethyl) amino- 
methane (Tris) buffer pH 7.4, a cell suspension (01. ml of packed cells), and 
when indicated in the table, 50 wmoles of glucose. The glucose was placed in the 
side arm of the Warburg flask and tipped into the main compartment after pre- 
incubation for 10 min. at 37° C. The oxygen uptake was measured for 60 min. at 
37° C. 


Table II. 


Acid soluble phosphate compounds in the Ehrlich ascites tumour cells. 


P compound Added P IAA 
(total pmoles) | »moles 
O Glucose O Glucose 

Total acid sol. 

a 40 4.33+0.13 7.04+0.34 | 5.26+0.28 | 9.74+0.59 
Acid labile or- 

ganic P..... 40 1.30-++0.07 2.16+40.12 | 1.43+0.08 | 2.55+0.18 
Acid stable or- 

40 3.10+0.18 | 5.07-+-0.34 | 3.98-40.20 | 6.60+0.33 
Hexose mono- 

phosphate .. 40 Trace 0.10+-0.01 Trace 0.12+0.01 
Fructose-di- 

phosphate .. 40 0.05-+0.01 1.12-+-0.20 | 0.11-+-0.01 | 1.31+0.15 
Cellular inor- 

ganic P..... 4 1.65+0.14 | 0.45-+0.04 | 1.26+6.13 | 0.15+0.02 


The test system contained in a final volume of 2 ml: 0.3 ml of packed ascites 

cells, and as indicated in the table, potassium phosphate buffer pH 7.4, 0.1 umole 

of IAA and 50 pmoles of glucose. The cells were pre-incubated for 15 min. at 37 

C before the addition of glucose, and then incubated for an additional 60 min. 
in Erlenmeyer flasks, 


Number of experiments 6 (mean values). 
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Lndogen 


Celular 


Clucose 


Fig. 2. Cellular inorganic phosphate in Ehrlich ascites tumour cells. 


The test system contained in a final volume of 4 ml: 140 umoles of tris (hydroxy- 

methyl) aminomethane (Tris) buffer pH 7.4 and a cell suspension (0.8 ml of 

packed cells). When indicated in the figure there was added 100 umoles of glucose 

and potassium phosphate buffer pH 7.4. The incubation was performed in Erlen- 

meyer flasks and glucose added after 10 min. temperature equilibration at 37° C. 
The incubation was continued for an additional 60 min. at 37° C. 


Table III records typical examples of the adenine nucleotide 
concentrations during aerobic glycolysis. The shift in equilibration 
which occurred between the concentrations of ATP, ADP and 
AMP, with an accumulation of ATP at the expense of ADP and 
AMP should be noted. In the presence of IAA the total sum of 
the three adenine nucleotides, as well as the concentration of 
each, were markedly reduced during glycolysis. These findings 
have been confirmed in preliminary reports from two other lab- 
oratories (IBsEN and Mc Ker 1957; Wu and Racker 1957). 


Uptake and release of inorganic phosphate by ascites cells. 


The reduced level of cellular inorganic phosphate accompany- 
ing aerobic glycolysis might be explained by an insufficient 
phoshate uptake under these conditions. To test this possibility 
the total cellular uptake of P* as well as the accumulation of P® 
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Table III. 


Adenine nucleotides in ascites tumour cells. 


Exp. | Incubation | Substrate} IAA | ATP | ADP} AMP | ATP+ ADP-+ AMP 
time (min.) pm pm | pm pm 
0 0 - 0.05 | 0.92 | 0.79 1.76 
2 Glucose — 0.80 ' 0.44 | 0.26 1.50 
2 0 _ 0.60 | 0.70 | 0.37 1.67 
I. 5 Glucose — 0.94 | 0.60 | 0.22 1.76 
5 0 _ 0.78 | 0.84 | 0.38 2.00 
10 Glucose - 1.04 | 0.44 | 0.26 1.74 
10 0 - 0.75 | 0.75 | 0.46 1.96 
60 Glucose o 1.07 | 0.51 | 0.22 1.80 
Il 60 0 - 0.65 | 0.80 | 0.47 1.92 
60 Glucose + 0.39 | 0.29 | 0.07 0.75 
60 0 + 0.64 | 0.59 | 0.20 1.43 


The test system contained in a final volume of 4 ml: 80 umoles of potassium phos- 
phate buffer pH 7.4, a suspension of ascites cells (0.4 ml of packed cells, and 
when indicated in the table, 0.4 wmole of IAA and 100 pmoles of glucose. The 
glucose was added to the Erlenmeyer flasks after 10 min. pre-incubation at 37° C. 
The additional incubation times are recorded in the table. The flask incubated 
for 0 min. was kept at room temperature during the experiment (about 2 hours). 
The adenine nucleotides were determined in the KOH precipitated perchloric 
acid extract of the cells, made in the cold, immediately after incubation. ATP 
was measured according to the modified Kornberg’s method and corrected for 
hexose monophosphate. AMP was estimated by the decrease in optical density 
at 265 my upon the addition of adenylic deaminase, and ADP in the same way 
upon the addition of adenylic deaminase and adenylate kinase (3 experiments). 


in cellular inorganic and organic phosphate fractions were deter- 
mined. 

The total cellular uptake of P** was under aerobic conditions 
little influenced by glycolysis and IAA (Table IV). Using an in- 
cubation medium low in phosphate (2 wmoles per ml), anaerobiosis 
reduced the total uptake of P** and increased the net release of 
phosphate from the cells to the medium (Table IV and V). On 
increasing the external phosphate concentration from 8 to 24 wmoles 
per ml, the extra phosphate uptake was about the same under 
both aerobic and anaerobic conditions (Table VI). This suggests 
that a major factor determining the total cellular phosphate 
uptake is the phosphate concentration in the medium. 

The uptake of P** into the combined organic phosphate fractions 
was markedly stimulated by aerobiosis and by the presence of 


214 ELLING KVAMME. 


Table IV. 
Phosphate uptake by the ascites tumour cells. } 
Incubation | IAA! Glu-| Phosphate uptake pmoles 
cose 
in in in in tot. |in 10 | in in acid 
cells | cell. | inorg. | acid min. | acid insoluble © 
org. sol. org. | hydr. | stable ' 
| org. P| P 
Aerobic... | — oo 4.40 | 3.55 | 0.85 3.04 1.69 1.35 0.51 
— — } 4.14 | 2.25 1.90 1.76 0.75 1.01 0.49 
Aerobic... | + — 3.60 | 3.22 | 0.38 3.04 0.68 2.36 0.19 
+ | — | $8.47 1.96 1.52 1.53 0.69 0.84 0.43 
Anaerobic. | — a 2.02 | 0.90 1.13 0.78 0.28 0.50 0.12 
— | — | 1.69 | 0.23 | 1.46 0.20 0.06 0.14 0.03 


The test system contained in a final volume of 4 ml: 140 ymoles of tris (hydroxy- 
methyl) aminomethane (Tris) buffer pH 7.4, 7.56 umoles of potassium phosphate 
buffer pH 7.4 with a specific activity or 120,500 counts per min. per pmole of 
phosphate, and a cell suspension (0.8 ml of packed cells). When indicated in 
the table there was added 0.4 pmole of IAA and 50 pwmoles of glucose. The aerobic 
incubation was performed in Erlenmeyer flasks, the anaerobic incubation in par- 
tially evacuated Thunberg tubes. Glucose was added (tipped in), after 10 min. 
temperature equilibration at 37° C. The flasks were then incubated for an addi- 
tional 60 min. at 37° C. Phosphate uptake in a phosphate fraction = Total 
counts per min. found in the fraction at the end of the incubation/120,500. (4 ex- 
periments, mean values.) 


glucose. This also occurred with IAA inhibited cells (Table IV). 
Thus in spite of the much higher demand for inorganic phosphate 
during aerobic glycolysis, the slightly increased cellular phosphate 
uptake explains the accompanying reduction in cellular inorganic 
phosphate. As the data indicate that the cells predominantly 
utilize cellular inorganic phosphate for phosphorylations, an intra- 
cellular competition for inorganic phosphate seems likely during 
aerobic glycolysis. 

tlycolysis stimulated the uptake of P® into both the acid 
labile and acid stable phosphate fractions, but the uptake into 
the acid insoluble fraction increased only under anaerobic con- 
ditions (Table IV). It is interesting to note that during aerobic 
glycolysis in IAA inhibited cells, P*? accumulated in the acid 
stable phosphate fraction at the expense of the acid labile phos- 
phate fraction. 

The net release of inorganic phosphate from the cells to the 
extracellular medium under anaerobic conditions was counteracted 
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Table Y. 

Net uptake and release of inorganic phosphate by the ascites tumour 

cells, 

Incubation IAA Glucose pmoles of pmoles of P 
inorg. P at taken up + 
the end released — 

Aerobic ..... _ + 7.22 + 0.34 

— — 7.08 + 0.48 

Aerobic ..... + 5.37 + 2.19 

-— 8.78 — 1.22 
Anaerobic ... _ + 11.10 — 3.54 
14.04 — 6.48 


The concentration of inorganic phosphate in the cell supernatants was estimated. 

The net uptake or release during 1 hour incubation at 37° C was calculated from 

the difference between the inorganic phosphate present at the start of the experi- 

ment and that at the end. The measurements were done on the cell supernatants 
from the experiments reported in Table IV. 


by glycolysis or respiration (Table V). Only a slight net uptake 
of phosphate, uninfluenced by glucose could be demonstrated 
when the cells were incubated aerobically. On the other hand, 
[AA inhibited cells incubated aerobically, exhibited a measurable 
net uptake of phosphate during glycolysis, while there was a net 
release in the absence of glucose. In IAA inhibited cells with glu- 
cose present, the cellular inorganic phosphate declined to about 
one third of that in the absence of IAA (Table II). The findings 
can be explained by assuming that the exchange between cellular 
inorganic and organic phosphate is largely determined by ATP 
or a related compound. In IAA treated cells, the net uptake of 
phosphate during glycolysis and the lower level of cellular in- 
organic phosphate seems most likely due to a reduced release of 
phosphate from organic compounds. This could be a result of 
the reduction in ATP following the inhibited glycolytic ATP 


generation. 


Discussion. 


Aerobic glycolysis evidently stimulates phosphorylations in 
the ascites tumour cells to such an extent that the demand for 
inorganic phosphate is not satisfied by the phosphate uptake. 

15— 583010. Acta physiol. scand. Vol. 42. 


a 
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Table VI. 


Difference in phosphate uptake between cells incubated with 24 ymoles 
of inorganic phosphate and 8 pmoles of phosphate 


Incubation Phosphate uptake pmoles 
in cells | in cell. | in in tot. acid in acid 
org. P | inorg. P| sol. org. P insoluble P 
Aerobic ....... 1.80 0.75 1.05 0.60 0.15 
Anaerobic ..... 1.75 0.14 1.61 0.07 0.07 


The test system contained in a final volume of 4 ml: 140 moles of tris (hydroxy- 
methyl) aminomethane (Tris) buffer pH 7.4, 50 pmoles of glucose, 8 or 24 wmoles 
of potassium phosphate* buffer pH 7.4 with a specific activity of 89,200 counts 
per min. per pmole of phosphate and a cell suspension (0.8 ml of packed cells). 
The aerobic incubation was performed in Erlenmeyer flasks, the anaerobic in- 
cubation in partially evacuated Thunberg tubes. Glucose was added (tipped in), 
after 10 min. temperature equilibration at 37° C. The flasks were then incubated 
for an additional 60 min. at 37° C. Phosphate uptake in a phosphate fraction 

Total counts per min. found in the fraction at the end of the incubation/89,200. 
The data recorded in the table represent the difference in uptake between corre- 
sponding phosphate fractions in cells incubated with 24 pmoles and 8 pmoles 

of phosphate® buffer (2 experiments mean values). 


This leads to a decline in the level of cellular inorganic phosphate 
and an increase in ATP at the expense of ADP and AMP. The 
accompanying Crabtree effect could therefore be explained by 
either 

a) lack of phosphate acceptors or inorganic phosphate for respi- 
ration, 

b) inhibition of respiration by an accumulated phosphate ester. 

Thus it is of interest to correlate the Crabtree effect with the 
rate of glycolysis, and to investigate the mechanism by which 
phosphate stimulates glycolysis. These problems will be discussed 
in the following article (KVAMME 1958). 


Summary. 


1. Between 0—40 ymoles of inorganic phosphate per ml of 
extracellular fluid was rate determining for aerobic glycolysis 
in Ehrlich ascites tumour cells. The oxygen uptake during aerobic 
glycolysis was either unaffected or slightly inhibited by phosphate. 
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2. Aerobic glycolysis was accompanied by a reduction in 
cellular inorganic phosphate and an accumulation of total acid 
soluble organic phosphate, acid labile phosphate, hexosephos- 
phates and ATP. The ATP increased at the expense of ADP and 
AMP. In IAA inhibited cells, acid soluble phosphate esters ac- 
cumulated during aerobic glycolysis, but the total adenine nucleo- 
tides decreased markedly. 

3. Glycolysis as well as respiration greatly stimulated the 
uptake of P® into organic phosphate fractions, while the con- 
centration of inorganic phosphate in the medium seemed to be 
a major factor determining the total uptake of P* by the ascites 


tumour cells. 
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In the hexose induced inhibition of respiration, the evidence 
suggests that the TCA cycle is the site of inhibition (RACKER 
1956), but the primary block may either be localized on 
the substrate level, the electronic level, or both. To elucidate 
this point, DNP was used, as it is known to inhibit oxidative 
phosphorylations and activate mitochondrial ATP-ases (HUNTER 
1951; Larpy and WELLMAN 1953; Cooper and LEHNINGER 1957). 
In ascites tumour cells, DNP (Kun, Tatatay and WILLIAMs- 
AsHMAN 1951; WENNER and WEINHOUSE 1955; SHacTeR 1955) 
and methylene blue (Kun et al. 1951) were reported to increase 
the oxygen uptake when glucose was present. According to Kun 
et. al. (1951) DNP caused a small, but variable activation of an- 
aerobic glycolysis. CLowEs and KEtcu (1954) reported that 2,4- 
dinitrocresol markedly stimulated the anaerobic fermentation of 
glucose, but not that of fructose and mannose. 

The correlation between the rate of glycolysis and the Crabtree 
effect has been studied in cells inhibited by [AA and DNP. IAA 
which blocks (SH~) groups, mainly inhibits the glyceraldehyde- 
3-phosphate dehydrogenase, although other enzymes, especially 
succinic dehydrogenase, may also be affected (BaRRon 1951). In 
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the present experiments concentrations of [AA were added which 
maintained the pH above 7.0 by limiting the glycolytic acid pro- 
duction without appreciably reducing the rate of endogenous 
respiration. 

Evidence has been obtained that suggests phosphate uptake 
into the glyceraldehyde-3-phosphate dehydrogenase reaction is 
the rate limiting process for glycolysis. 


Methods and Materials. 


Except for 2,4-dinitrophenol from the Merck Company, the methods 
and materials used have been previously described (KvAMME 1958). 


Results. 


The effect of [AA and DNP on respiration. 


The Crabtree effect was hardly affected by IAA during the 
first hour of aerobic incubation (Table III). This indicates 
that the glycolytic chain of reactions below the triose stage is 
at least not solely responsible for the Crabtree effect. 

The experiments depicted in Fig. 1 and 2 confirmed that con- 
centrations of DNP below 0.1 umole per ml initially stimulated 
oxygen uptake in the presence of glucose, while the effect on the 
endogenous respiration varied. DNP poisoned cells, incubated in 
ordinary phosphate buffer (20 wmoles per ml, pH 7.4), usually 
exhibited a pronounced Crabtree effect. If the cells were inhibited 
with DNP and JAA, the Crabtree effect almost disappeared 
(Fig. 3, Table I). On incubation in a strong phosphate buffer, DNP 
abolished the Crabtree effect (fig. 4). Thus it appears that the 
Crabtree effect is in some way caused by processes linked to the 
oxidative phosphorylations proceeding in the ascites cells. 

To investigate the role of phosphate per se in DNP inhibited 
cells, the cells were incubated in Tris buffer with and without 
phosphate and IAA (Tables I, II). With no phosphate added to 
the medium the oxygen uptake during glycolysis was markedly in- 
hibited by DNP, while glycolysis was stimulated and the endoge- 
nous oxygen uptake left unchanged. As seen from Tables I and 
II, the DNP poisoned cells incubated in a medium containing no 
phosphate show a less pronounced drop in pH during glycolysis, 
than those incubated in phosphate. The reduction in oxygen 
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een 40 min. Glucose 


5.0, 
mm 04 
250 | : 40 min. Endogen. 
200 


150 40 min Glucose 
~* 20 min. Endogen. 


10000 min Glucose 
50 


0 005 010 015 020 025 jwM DNP 
Fig. 1. Effect of the DNP concentration on respiration in Ehrlich ascites tumour 
cells. 


The test system contained in a final volume of 2 ml: 40 umoles of potassium phos- 

phate buffer pH 7.4, a suspension of ascites cells (0.2 ml of packed cells), and 

when indicated in the figure, 50 wmoles of glucose and DNP. The oxygen uptake 
was measured for 20 min. and 40 min. at 37°C. 


uptake following phosphate depletion is thus not a pH effect. In 
DNP poisoned cells supplemented with glucose, the concentration 
of inorganic phosphate in the medium evidently limited the oxygen 
uptake. However, IAA counteracted the phosphate stimulation 
of respiration under these conditions. This fact together with the 
abolition of the Crabtree effect by phosrhate in DNP treated cells 
(Fig. 4), indicates a competition for inorganic phosphate between 
glycolysis and respiration when DNP is present. 

It is also of interest to note that the inhibitory effect of phos- 
phate on the respiration in the presence of glucose was reversed 


by IAA and DNP (Table II). 


Correlation between rate of glycolysis and the Crabtree effect. 

To study the correlation between giycolysis and the Crabtree 
effect, the glycolytic rate was limited by the addition of varying 
concentrations of [AA or glucose. 
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mm*0, 
350 
300 .  Endogen.+DNP 
/ 
250 
/ 
200 
Endogen 
n 
150 | Glucose +DNP 
100 | Glucose 


0 10 20 390 40 50 60 70 min. 
Fig. 2. A kinetic study of the effect of DNP on respiration in ascites tumour cells.- 


The test system contained in a final volume of 2 ml: 40 pmoles of potassium phos 

phate buffer pH 7.4, 0.12 umole of DNP, a suspension of ascites cells (0.2 ml 

of packed cells) and when indicated in the figure, 50 pmoles of glucose. The oxygen 

uptake was measured for 40 min. at 37° C, and the total mm O, plotted at 10 min. 

intervals. pH of the medium at the end of the experiment: Glucose 6.28, Glucose - 
DNP 5.33, Endogen 7.49, Endogen + DNP 7.55. 


Increasing concentrations of IAA (from 0.01 to 0.05*umoles 
per ml), which did not inhibit the endogenous oxygen uptake, 
stimulated the oxygen uptake when glucose was present while 
the pH inclined to normal values. However, the Crabtree effect 
was hardly changed by an increase in IAA, although the glucose 
uptake was decreased from 12 ~wmoles to 2.8 wmoles, and the cor- 
responding accumulation of lactic acid from 24 to 0.6 mmoles 
(Table III). There is thus no parallelism between the Crabtree 
effect and the rate of glycolysis. 

When glucose concentrations were added which limited the rate 
of glycolysis (Table IV), a greater Crabtree effect was produced 
by small amounts of glucose in the presence of IAA than in its 
absence. Without IAA, small concentrations of glucose were 
readily used up by the uninhibited glycolysis, which thus seemed 
to prevent a Crabtree effect. The experiment indicates that the 
Crabtree effect is related to a certain minimal amount of glucose 
and not to the rate of glycolysis. 
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Table I. 
Effect of phosphate on respiration in DNP inhibited ascites tumour cells. 


Substrate DNP pH TAA + pH 
DNP 

158 5.31 331 7.20 

291 7.35 310 7.40 

Glucose +- phosphate ......... 227 5.14 282 7.21 

289 7.36 327 7.42 


The cells were washed in 0.9 per cent NaCl. The test system contained in a final 

volume of 2 ml: 70 pmoles of tris (hydroxymethy!) aminomethane (Tris) buffer pH 

7.4, a cell suspension (0.2 ml of packed cells), and when indicated in the table 0.1 

pmole of IAA, 0.14 wmole of DNP, 50 pmoles of glucose, 40 pmoles of potassium 

phosphate buffer pH 7.4. The cells were pre-incubated with IAA and DNP for 15 

min. at 37°C before the addition of glucose. The oxygen uptake was measured for 
60 min. (3 experiments). 


Table II. 


Effect of phosphate on glycolysis and respiration in DPN and IAA inhibi- 
ted ascites cells. 


Additions O,uptake | Lact. ac. | Glucose | pH at 
mm? pmoles uptake | the end 
pmoles 
Glucose + phosphate ............ 240 36.5 29.3 5.86 
Glucose + phosphate + IAA.... 285 5.8 12.2 7.09 
Glucose + phosphate + DNP... 160 50.6 36.3 5.26 
Glucose +- phosphate + IAA + DNP 296 7.5 19.0 7.00 
Glucose + IAA + DNP......... 243 6.9 16.3 6.96 


The cells were washed in 0.9 per cent NaCl. The test system contained in a final 

volume of 2 ml: 70 pmoles of tris (hydroxymethyl) aminomethane (Tris) buffer pH. 

7.4, 50 wmoles of glucose and a cell suspension (0.2 ml of packed cells), and when 

indicated in the table, 0.1 zmole of IAA, 0.2 wmole of DNP, 40 pmoles of potassium 

phosphate buffer pH 7.4. The cells were pre-incubated with IAA and DNP for 15 

min. at 37°C before the addition of glucose. The oxygen uptake was measured for 
60 min. (3 experiments). 


Presuming a similar mechanism for the Crabtree effect in 
normal and in JAA inhibited cells, this renders unlikely any 
hypothesis for the Crabtree effect based upon a sharing of e. g. 
adenine nucleotides or inorganic phosphate in a simple way 
between glycolysis and respiration. 


| 
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Endogen.+DNP 
250 Endogen. 
Glucose + DNP 


Glucose 


0 10 20 30 60 50 60 70 min. 


Fig. 3. A kinetic study of the effect of DNP on respiration in IAA inhibited ascites 
tumour cells, 


The test system contained in a final volume of 2 m1: 40 umoles of potassium phos- 

phate buffer pH 7.4, 0.12 pmole of DNP, 0.1 pmole of IAA, a cell suspension (0.2 

ml of packed cells), and when indicated in the figure 50 pmoles of glucose. The 

oxygen uptake was measured for 40 min. at 37°C and the total mm? O, plotted at 

10 min. intervals. pH of the medium at the end of the experiment: Glucose 6.95, 
Glucose + DNP 6.93, Endogen 7.67, Endogen ~- DNP 7.63. 


However the greater inhibitory effect of small amounts of 
glucose on respiration in the presence of [AA may at least in part 
be accounted for by the reduction in cellular inorganic phosphate 
and adenine nucleotides following the addition of [AA to glyco- 
lyzing cells (KVAMME 1958). 

No direct correlation was observed between the inhibited oxy- 
gen uptake in the presence of glucose, and the concentration of 
hexosephosphates or acid labile phosphate esters (Tables III—V). 


The effect of IAA and DNP upon glycolysis. 

IAA inhibited glucose uptake by the ascites cells, a great frac- 
tion of the glucose taken up accumulating as fructose-di-phosphate 
(Tables III, IV). 

TAA also markedly reduced the phosphate stimulation of glucose 
uptake and lactic acid formation (Table II). This implies that 
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Table III. 
Ejfect of increasing IAA concentrations on glycolysis and respiration. 
Substrate IAA C. eff.) Glue. Lact.ac.|) HDP| pH 
added | mm? uptake | form. pm | atthe 
pm pm pm end 
eee re 0.02 115 | 45 12.0 24.0 0.55 | 6.58 
0.04 161 | 25 9.9 13.4 1.80 | 6.96 
0.06 161 | 24 4.4 2.5 1.12 | 7.34 
en a eae 0.08 144 | 30 3.2 0.76 | 1.25 | 7.40 
0.10 134 | 36 2.8 0.61 | 1.17 | 7.45 
0.02 211 Trace | Trace} 7.45 
0.04 215 Trace | Trace} 7.45 
0.06 211 Trace | Trace; 7.45 
0.08 207 0.06 Trace | 7.48 
. 0.10 210 0.03 Trace | 7.48 


The cells were washed in saline-phosphate buffer. The test system contained in a 


final volume of 2 ml: 40 pmoles of potassium phosphate puffer pH 7.4, IAA as 
indicated in the table and a suspension of ascites cells (0.1 ml of packed cells). 
The glucose, 12 umoles, was placed in the side arm of the Warburg flask and tipped 
in after pre-incubation for 15 min. at 37°C. The oxygen uptake was measured for 
60 min. The Crabtree effect is expressed as percentage inhibition of the endogenous 
oxygen uptake by glucose, e. g. when 0.02 umole of IAA was added C. eff. = 


211 — 115 
211 


x 100 = 45 


(3 experiments). 


inorganic phosphate is entering the glycolytic chain through the 
glyceraldehyde-3-phosphate dehydrogenase reaction which must 
be the rate limiting step in aerobic glycolysis. Table II also shows 
that although DNP stimulated glucose uptake as well as lactic 
acid formation, the extracellular level of inorganic phosphate still 
determined the rate of glycolysis. [AA counteracted or abolished 
the stimulation of glycolysis by DNP. DNP also reduces the level 
of acid soluble phosphate esters in the ascites cells (SHACTER 
1955) and raises the inorganic phosphate (Acs and Straus 1954). 
The data indicate that DNP increased glycolysis due to the inor- 
ganic phosphate liberated, affecting the glyceraldehyde-3-phos- 
phate dehydrogenase reaction. 

The increased rate of glycolysis in DNP poisoned ascites or 
yeast cells (Simon 1953 a, b) is interesting as DNP inhibits gly- 
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mm 0, 
350 
300 
250 
200 
150 Endogen.+0NP 
Glucose + DNP 
100 eee” Endogen. 
Glucose 
50 
0 10 20 30 40 50 60 70 min. 


Fig. 4. A kinetic study of the effect of DNP on respiration in ascites tumour cells, 
incubated in a strong phosphate buffer. 


The test system contained in a final volume of 2 ml: 160 pmoles of sodium phos- 

phate buffer pH 7.4, 0.12 pzmole of DNP, a cell suspension (0.1 ml of packed cells), 

and when indicated in the figure, 25 wmoles of glucose. The oxygen uptake was 

measured for 60 min. at 37°C, and the total mm* O, plotted at 10 min. intervals. pH 

of the medium at the end of the experiment: Glucose 7.15, Glucose + DNP 7.06, 
Endogen 7.45, Endogen + DNP 7.44. 


colysis in muscle, a phenomenon considered due to a stimulation 
of ATP-ase activity (JERWELL, WALAAS and Wa Laas 1956; Bric- 
HAM, BRINCH-JOHNSEN and WaLAAs 1956). 

During aerobic glycolysis the concentration of fructose-di- 
phosphate and acid labile phosphate esters in the cells increased 
when the external concentration of inorganic phosphate was raised 
(Table V). The increase in the accumulation of phosphate esters 
was much less in the presence of JAA. This indicates that the 
inorganic phosphate used for the formation of fructose-di-phos- 
phate and labile phosphate esters is largely taken up by the gly- 
ceraldehyde-3-phosphate dehydrogenase reaction. Hence inor- 
ganic phosphate seems to control the rate of glycolysis, not by a 
glucose-6-phosphate inhibition of the hexokinase reaction, but 
by controlling the generation of glycolytic ATP. 
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Table IV. 


Effect of IAA on glycolysis and the Crabtree effect in the presence of glu- 
cose concentrations which are rate limiting for glycolysis. 


Glue. [TAA 0.1 pm 
added 
pm C. Glue. Lact. | HDP | C. Glue. Lact. | HDP 
eff. uptake | ac. pm eff. uptake | ac. pm 
pm pm 
0 0 0.0 0.43 | 0.23 0 0.0 0.33 0.34 
2 2.5 2.0 4.40! 0.16 8.7 2.0 0.87 0.90 
4 13.1 4.0 9.20 | 0.20 27.6 3.9 1.43 1.75 
6 20.5 6.0 14.30 | 0.22 33.6 5.8 1.66 2.24 
9 36.9 9.0 21.50 | 0.30 32.7 6.0 1.52 1.87 
50 41.8 — 33.10 | 1.75 29.8 — 1.99 1.78 


The test system contained in a final volume of 2 ml: 40 pmoles of potassium 
phosphate buffer pH 7.4, and a suspension of ascites cells (0.2 ml of packed cells). 
The concentrations of glucose and [AA are indicated in the table. The glucose was 
placed in the side arm and tipped into the main compartment of the Warburg 
flask after pre-incubation for 15 min. at 37°C. The oxygen uptake was measured 
for 40 min. C. eff. = percentage Crabtree effect = (endogenous respiration — 
respiration with glucose) x 100/endogenous respiration. (3 experiments.) 


Table V. 


Effect of phosphate on the accumulation of acid 
labile phosphate esters and fructose-di-phosphate in 
ascites tumour cells. 


Addition of | HDP | 10 min. IAA 
phosphate hydr. org. 
pmoles P HDP | 10 min. 
hydr. org. 
0 1.00 1.00 1.00 1.00 
40 6.60 5.40 4.75 1.63 
80 13.80 14.40 5.70 1.97 


The cells were washed in 0.9 % NaCl. The test system contained in a final volume 
of 2 ml: 70 pmoles of tris (hydroxymethyl) aminomethane pH 7.4, a cell suspen- 
sion (0.2 ml of packed cells) and when indicated, potassium phosphate buffer 
pH 7.4 and 0.1 pmole of IAA. The glucose, 50 moles, was placed in the side arm 
of the Warburg flask and tipped in after pre-incubation for 15 min. at 37° C. The 
cells were then incubated for an additional 60 min. (Number of experiments: 3 
{mean values). The results are in relation to the respective phosphate esters 
accumulated when no extra phosphate was added. 
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Discussion. 


The experiments show that the Crabtree effect is not directly 
related to the rate of glycolysis, the concentration of inorganic 
phosphate in the medium or the amount of hexosephosphates 
and acid labile phosphate esters accumulated. A certain minimal 
amount of glucose is necessary to produce a maximum Crabtree 
effect. The abolition of the effect by DNP in the presence of excess 
phosphate, connects it with oxidative phosphorylations. 

In DNP inhibited cells, incubated in a buffer containing 20 
moles of phosphate per ml or less, the Crabtree effect can be 
explained by a competition for inorganic phosphate between gly- 
colytic reactions and phosphorylation(s) at the substrate level in the 
alpha ketoglutarate—succinate reaction. Thus, the latter phospho- 
rylations are reported to be unaffected by uncoupling agents 
such as DNP (OcHoa 1952). 

Normal glycolyzing ascites cells maintain their respiration in the 
absence of added phosphate in contrast to DNP inhibited cells. 
The loss of inorganic phosphate in the former case is probably 
prevented by an active oxidative phosphorylation. It is possible 
that under the influence of DNP, a destruction of fine cell struc- 
tures occurs, which facilitates the entrance and loss of inorganic 
phosphate. If this is the case, the Crabtree effect in ascites cells 
which have not been treated with DNP, can also be explained 
by a limited availability of phosphate. 

The experiments reported have also revealed certain features 
which may elucidate the nature of the rate limitation of glycolysis 
by phosphate. The glucose uptake in the ascites tumour cells is 
rate determined due to the uptake of external inorganic phosphate 
through the glyceraldehyde-3-phosphate dehydrogenase reaction. 
This concept is supported by the fact that: a) There exists a clear 
relationship between the glucose uptake and the concentration 
of inorganic phosphate in the incubation medium (KVAMME 
1958). b) When the glyceraldehyde-3-phosphate dehydrogenase 
reaction is partially blocked by IAA, the glucose uptake is hardly 
affected by the addition of phosphate to the medium. c) IAA in 
concentrations which is rate determining for the glyceraldehyde- 
3-phosphate dehydrogenase reaction, as measured by lactic acid 
accumulation, is also rate determining for glucose uptake. d) The 
glucose uptake is stimulated by DNP in the absence of IAA, but 
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no or only a slight stimulation can be demonstrated in the pres- 
ence of IAA. In DNP inhibited cells, the additional cellular in- 
organic phosphate produced by the breakdown of acid labile 
phosphate esters, can not be utilized for glycolysis when IAA is 
also present. e) With no inorganic phosphate added to the medium, 
DNP stimulates glycolysis and inhibits respiration, but this does 
not occur in JAA treated cells. 

It seems unlikely that the glucose-6-phosphate accumulated 
determines the rate of the hexokinase reaction, as otherwise one 
would expect an inverse correlation between glucose uptake and 
hexosephosphate accumulated, the opposite of what is actually 
found. 


Summary. 


1. When glycolysis in Ehrlich ascites tumour cells was limited 
by different concentrations of either IAA, phosphate or glucose, 
no direct correlation was revealed between the Crabtree effect and 
the glycolytic rate, or the concentrations of hexosephosphates 
and acid labile phosphate esters which accumulated during aero- 
bie glycolysis. 

2. In DNP inhibited cells, incubated with 0—20 umoles of in- 
organic phosphate per ml, a competition existed between glycolysis 
and respiration for the inorganic phosphate. In the presence of 
DNP, excess phosphate in the medium completely abolished the 
Crabtree effect. 

3. Evidence has been presented showing that the rate of glucose 
uptake in the ascites cells is determined by the inorganic phosphate 
in the medium taken up through the glyceraldehyde-3-phosphate 
dehydrogenase reaction. This is explained by assuming that glyco- 
lytically generated ATP determines the rate of the hexokinase 
reaction. 
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In the previous two articles a limitation in the availability of 
phosphate for glycolysis was demonstrated. However, the concen- 
tration of external phosphate exerted little effect on the oxygen 
uptake, while no correlation could be found between the rate of 
glycolysis and the Crabtree effect (KVAMME 1958 a, b). 

In what follows the effect of TCA cycle intermediates on glycol- 
ysis and respiration were studied, and a search was made for the 
rate limiting step in respiration during glycolysis. Evidence is 
presented which suggests that the rate limiting step in the TCA 
cycle during glycolysis is between alpha ketoglutarate and succi- 
nate. 


Methods and Materials. 


The same basic methods as previously described were used (KVAMME 
1958 a). Alpha ketoglutarate was determined by enzymatic conversion 
to glutamate using glutamic dehydrogenase, and the DPNH oxidation 
was measured spectrophotometrically in phosphate buffer ph 7.4. Glutam- 
ic dehydrogenase gave no DPNH oxidation in the presence of other 
TCA cycle intermediates, such as succinic, fumaric or citric acid. Ap- 
proximately 100 per cent recovery was obtained when known amounts 
of alpha ketoglutarate were added, while malonate or DNP did not 
inhibit the glutamic dehydrogenase reaction. This method checked very 
well with KorpseELt and SHARPE’s modification (1952) of FRrIEDEMANN 
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and HavuGeEn’s colorimetric procedure (1943), where alpha ketoglutarate 
and pyruvate were determined as 2-4 dinitrophenylhydrazone deri- 
vatives. The enzymatic estimation was preferred because it is easier 
and more specific than the colorimetric one. 

Succinate estimation was performed enzymatically, using Kress’ 
manometric method and succinoxidase prepared from sheep heart 
muscle (UMBREIT, BurRISs and STAUFFER 1948). Any malonate present 
had to be oxidized by KMnO, before the determination. 


Citrate was determined colorimetrically as a thioureapentabromoace- | 


tone complex (STERN 1957). SarRAN and DeNnsTEDT’s method (1956) was 
found to give erratic results in the presence of other TCA cycle interme- 
diates. 


Reagents. 


The same reagents as described previously were used (KVAMME 1958 
a, b) with the exception of glutamic dehydrogenase from C. F. Boeh- 
ringer & Soehne; DPNH, alpha ketoglutaric acid, L-malic acid and 
oxalacetic acid from the Sigma Chemical Company; other TCA cycle 
intermediates, malonic acid and trans-aconitic acid from the Light & 
Co Ltd. 


Results. 


The effect of TCA cycle intermediates on respiration and glycolysis. 


Tricarboxylic acid cycle intermediates exerted little effect upon 
respiration when the cells were incubated for 1 hour only. Prolonged 


incubation for up to 3 hours, as well as washing in saline 6—8 | 


times, often reduced the endogenous oxygen uptake below that 
found when glucose was present. The endogenous respiration and 
the Crabtree effect could in such instances to a varying degree be 
restored by the addition of TCA cycle intermediates. 


The TCA cycle intermediates slightly stimulated glucose uptake, | 


while in the absence of glucose they gave a small but definite 
lactic acid formation, but in the presence of glucose this formation 
increased markedly (Table I). Under anaerobic conditions, oxal- 
acetate gave the greatest rise in lactic acid concentration (Table 
II). It would seem that an oxalacetic carboxylase is catalyzing 
Utter Kurahashi reaction (UTTER 1951), in the same way as the 
liver oxalacetic carboxylase of BANDURSKI and LIPMANN (1956). 


TCA cycle intermediates and oxygen uptake in ascites cells partially 
blocked with malonate. 


To investigate whether glucose inhibition affects any particular 
step in the TCA cycle, a study of the concentration of TCA cycle 
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Table I. 


Effect of succinate on glucose uptake and lactic acid 
formation under aerobic conditions in ascites tumour 


cells. 

Substrate Glucose Lactic 
uptake acid 
pmoles 

Glucose + succinate ..... 16.0 9.60 


The test system contained in a final volume of 2 ml: 40 pmoles of potassium phos- 

phate buffer pH 7.4, 0.2 umole of IAA and a cell suspension (0.2 ml of packed 

cells). Where indicated, 25 ymoles of glucose or 50 pmoles of sodium succinate were 

added. The incubation was performed in Erlenmeyer flasks, and glucose was ad- 

ded after 10 min. temperature equilibration at 37°C. The flasks were then incu- 
bated for an additional 3 hours. (Mean results of 3 experiments.) 


Table II. 


The anaerobic formation of lactic acid from 
tricarboaylic acid cycle intermediates. 


Substrate Lactic acid 
pmoles 
2.76 + 0.13 
1.85 + 0.09 
Alpha ketoglutarate ........ 1.67 + 0.05 


The experimental conditions were the same as in Table I, except that the test sys- 

tem was incubated for 60 min. in partially evacuated Thunberg tubes. A small 

correction for the presence of oxalacetic acid had to be introduced in the estima- 
tion of lactic acid. (Mean results of 5 experiments.) 


intermediates was undertaken in the presence and absence of 
glucose. 

In the first experiments the succinic dehydrogenase reaction 
was partially (about 50 per cent) inhibited by malonate in order 
to raise the concentrations of the intermediates to values which 
were measurable (Table III). The inhibition of succinic dehydroge- 
nase by malonate has been demonstrated previously in extracts of 
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Table III. 


Accumulation of tricarboxylic acid cycle intermediates in ascites tumour 
cells partially blocked with malonate. 


Concentration (umoles) of 
Citrate Alpha keto- (DNP 
glutarate added) 
Alpha ke- 
toglutar- 
ate. 
Glucose .........0. 0.084 + 0.009 (9) 0.044 -- 0.002 (6) 0.060 (2) 
0.074 + 0.010 (9) 0.046 + 0.002 (6) 0.048 (2) 
Glucose -+- fumarate 0.273 + 0.016 (9) 0.279 + 0.009 (6) 0.122 (2) 
Fumarate ......... 0.152 + 0.015 (9) 0.147 + 0.005 (6) 0.060 (2) 
Glucose + citrate .. 0.370 + 0.014 (6) 0.306 (2) 
0.118 + 0.005 (6) 0.082 (2) 


The test system contained in a final volume of 4 ml: 80 wmoles of potassium phos- 

phate buffer pH 7.4, 100 moles of sodium malonate, and a cell suspension (0.6 

ml of packed cells). Where indicated, 50 umoles of glucose, fumarate or citrate, 

and 0.4 pmole of DNP were added. The incubation was performed in Erlenmeyer 

flasks, and glucose was added after temperature equilibration for 10 min. at 37°C. 

The flasks were then incubated for an additional 60 min. Number of experiments 
( ). Mean results. 


ascites tumour cells. The citric acid and alpha ketoglutaric acid 
level increased when fumarate or citrate were substrates. In cell 
suspensions containing glucose, the concentration of citric acid 
and alpha ketoglutaric acid was markedly higher than when glucose 
was absent. Regarding succinate, the concentrations were 
slightly higher in the absence than in the presence of glucose, 
unless fumarate was also added. Using malic dehydrogenase 
(Sigma) and DPNH and assaying immediately, only traces of oxal- 
acetate were found. 

Table IV demonstrates that incubation with fumarate or pyru- 
vate strikingly reduced the Crabtree effect, while citrate or alpha 
ketoglutarate gave a pronounced Crabtree effect. The Crabtree 
effect was unchanged by glutamate or glutamine. Fumarate ap- 
peared to counteract the Crabtree effect by stimulating oxygen 
uptake more in the presence of glucose than in its absence. 

The reduction of the Crabtree effect by fumarate remained 
unaffected when inorganic phosphate was not present (Table V). 
This was also observed in cells blocked with malonate to an extent 
so that succinate did not stimulate oxygen uptake, as well as in 
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Table IV. 
Oxygen uptake by ascites cells partially blocked with malonate. 


DNP added 

O, mm? C. eff. | O, mm* C. eff. 
99.3 + 5.3 (6) 31.5 80.9 (4) 36.5 
Glucose + fumarate ........ 185.5 + 6.1 (6) 7.9 131.8 (4) 15.4 
201.8 + 9.3 (6) 156.3 (4) 
Glucose + pyruvate .......... 194.5 (3) 3.9 
202.3 (3) 
Glucose + citrate ............ 112.0+ 4.7 (6) | 36.3 82.5 (4) $2.7 
175.5 + 11.5 (6) 122.5 (4) 
Glucose + alpha ketoglutarate | 118.8 + 6.2 (6) | 35.3 
Alpha ketoglutarate .......... 183.3 + 10.5 (6) 
Glucose + succinate .......... 126.7 (3) | 29.5 


The test system contained in a final volume of 2 ml: 40 pmoles of potassium phos- 
phate buffer pHi 7.4, 50 wmoles of sodium malonate, and a cell suspension (0.2' 
ml of packed cells). Where indicated 25 pmoles of glucose, sodium fumarate, pyru- 
vate, citrate, alpha ketoglutarate or succinate and 0.2 wmole of DNP were added. 
The incubation was performed in Warburg flasks, and glucose tipped in after tem- 
perature equilibration for 10 min. at 37°C. The oxygen uptake was then measured 
for 60 min. C. eff. = percentage Crabtree effect (endogenous respiration — 
respiration with glucose) X 100/endogenous respiration. Number of experiments ( ).. 
Mean results. 


those where the oxygen uptake was stimulated 50—60 per cent. 
This implies that fumarate is probably counteracting the Crabtree 
effect without in any way affecting the succinic dehydrogenase 
reaction. 

The different effects of fumarate and citrate on oxygen uptake 
in ascites cells partially blocked with malonate, as well as the accu- 
mulation of alpha ketoglutarate during glycolysis, were also found 
with DNP inhibited cells, incubated in the presence or absence of 
phosphate buffer (20 wmoles per ml). Hence, the inhibition of the 
TCA cycle by glucose is almost unaffected by DNP under these 
conditions (Table III, IV, V). This finding favours the concept 
that the substrate phosphorylation(s) in the alpha ketoglutarate— 
succinate reaction is the rate limiting step in the TCA cycle, 
whether DNP is present or not. 


d) 

a ke- 
tar- 

30 (2) 
8 (2) 
2 (2) 
0 (2) 
6 (2) 
2 (2) 


236 ELLING KVAMME. 


Table Y. 


Oxygen uptake by ascites cells partially blocked with malonate 
and incubated in a medium containing no inorganic 
phosphate. 


DNP added 


O, mm*® | C. eff. | O, C. eff. 


80.3 35.0 49.3 50.2 
Glucose + fumarate ..| 166.0 3.7 107.8 18.2 


‘The test system contained in a final volume of 2 ml: 70 wmoles of tris (hydroxy- 
methyl) aminomethane (Tris) buffer pH 7.4, 50 wmoles of sodium malonate, and a 
cell suspension (0.2 ml of packed cells). Where indicated, 25 pmoles of glucose, 25 
pmoles of sodium fumarate or 0.2 wzmole of DNP were added. The incubation was 
performed in Warburg flasks, and glucose was tipped in after temperature equili- 
bration for 10 min. at 37°C. The oxygen uptake was then measured for 60 min. C. 
eff. = percentage Crabtree effect — (endogenous respiration — respiration with 
glucose) X 100/endogenous respiration. (Mean results of 3 experiments.) 


Oxygen uptake in trans-aconitate blocked ascites cells. 


Trans-aconitate is known to competitively inhibit aconitase in 
ascites tumour cells (WEINHOUSE, MILLINGTON and WENNER 1951). 
50 umoles of trans-aconitate in 2 ml were sufficient to prevent a 
stimulation of oxygen uptake by 25 mmoles of citrate, while the 
endogenous respiration was only reduced approximately 20 per 
cent. Under such conditions the Crabtree effect was unaffected 
during the first hour of incubation by 25 wmoles of any of the 
TCA cycle intermediates tested (Table VI). The addition of citrate 
or alpha ketoglutarate or the absence of TCA cycle intermediates 
increased the Crabtree effect to twice ist original value during the 
second and third hour of incubation. In contrast to this, succinate 
decreased the Crabtree effect after the first hours incubation. 


Discussion. 


The TCA cycle intermediates, succinate and fumarate immedi- 
ately overcame the Crabtree effect in cells blocked with malonate, 
and after a lag time in trans-aconitate blocked cells. A lower cellu- 
lar permeability of trans-aconitate compared with that of malo- 
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Table VI. 


Oxygen uptake by ascites tumour cells partially blocked with trans- 
aconitic acid. 


O, mm* C. eff. 

th. | 2h. |] 3h. | 1b. | 2h. | 3h. 
Glucose + citrate .......ccecceees 117 78 56 26 44 56 
159 | 140 | 128 
Glucose + alpha ketoglutarate ....| 150 | 123 81 20 32 60 
Alpha ketoglutarate .............. 187 | 180 | 161 
Glucose + succinate .............. 177 | 210 | 196 21 7 —4 


The test system contained in a final volume of 2 ml: 40 umoles of potassium phos- 
phate buffer pH 7.4, 50 umoles of trans-aconitic acid (using the sodium salt, pH 
7.4, freshly made up), and a cell suspension (0.2 ml of packed cells). Where 
indicated, 25 uwmoles of alpha ketoglutarate, succinate, citrate (sodium salts) or 
glucose were added. The ascites cells were pre-incubated for 1 hour at 37°C., be- 
fore the substrates were added. The oxygen uptake was then measured for 3 hours. 
C. eff. = (endogenous respiration — respiration with glucose) X 100/endogenous 
? respiration. (3 experiments.) 


nate may account for the lag time. The enhanced concentration 
of alpha ketoglutarate during glycolysis in the presence of fumarate 
and malonate also indicates that the alpha ketoglutarate—succi- 
nate reaction is inhibited by hexose whether fumarate is present 
or not. When this reaction is slowed down, the Crabtree effect may 
be masked by a fumarate or succinate stimulation of respiration. 

No evidence has been obtained to show that the TCA cycle steps 
between succinate and citrate are inhibited during glycolysis, but 
an inhibition of the steps between citrate and alpha ketoglutarate 
cannot be excluded. 

Under the conditions employed, the presence of DNP is not 
important with regard to the different effect of citrate and fuma- 
rate on the Crabtree effect, or the accumulation of alpha ketoglu- 
tarate. A lack of phosphate acceptors seems unlikely in DNP 
treated cells, while previous experiments (KVAMME 1958 b) sug- 
gest that the Crabtree effect under these conditions is caused by 
a limited availability of inorganic phosphate for the substrate phos- 
phorylation in the alpha ketoglutarate—succinate reaction. It 
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thus appears that in the absence of DNP this reaction also limits 
the rate of respiration during glycolysis. 


Summary. 


1. In Ehrlich ascites tumour cells partially blocked with malo- 
nate, the accumulation of citrate and alpha ketoglutarate was 
raised during aerobic glycolysis upon the addition of fumarate 
and citrate respectively. 

2. Fumarate, in contrast to citrate or alpha ketoglutarate, coun- 
teracted the Crabtree effect in cells partially blocked with malonate, 
in both the presence and absence of DNP. After a lag time succi- 
nate counteracted the Crabtree effect in trans-aconitate blocked 
cells. The data suggest that during aerobic glycolysis respiration is 
limited by substrate phosphorylation(s) in the alpha ketoglutarate 
— succinate reaction. 
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oe. A study of the Pasteur effect in ascites tumour cells was under- 
taken in order to further elucidate the interrelation between glycol- 
ysis and respiration. 

The Pasteur effect in different types of cells has been extensive- 
ly investigated since Pasteur’s original discovery (1876), and many 
_ theories put forward (MEYERHOF 1925; Jonnson 1941; LyNEN 
ech- 1941; LipmMann 1942; LyNEN and KoENIGSBERGER 1951; RACKER 

1956). Based upon experiments with yeast cells, an intracellular 

depletion of inorganic phosphate during oxidative phosphorylation 

was proposed and widely supported (LYNEN 1941; LYNEN and 

KoErNIGSBERGER 1951; HotzeR and Houzer 1953). Any phosphate 

depletion should lead to an accumulation of glucose-6-phosphate 

and an inhibition of the hexokinase reaction. Several authors have 
challenged this theory (RackER 1954). Recently AISENBERG, 

REINAFARJE and (1957) and AISENBERG and PorTrTEeR 

(1957) have obtained a Pasteur effect in a particulate system by 

adding liver mitochondria to a glycolyzing, high speed fraction 
_ of rat brain. The Pasteur effect in this system does not seem to 
| be explained by any of the current theories. The authors assume 
that the cytochrome chain mediates an inhibition of one of the 


Res. 


| 


240 ELLING KVAMME. 


early reactions of glycolysis, probably the phosphohexokinase 
reaction. 

A true Pasteur effect is characterized not only by a reduction 
in the formation of lactic acid, but also by an inhibition of glucose 
uptake under aerobic conditions. To satisfy both these criteria, 
the Pasteur effect must affect the step which limits the rate of 
aerobic glycolysis first. Hence the problem of the Pasteur effect 
can be fruitfully attacked by studying this step. As the reaction 
limiting rate of glycolysis may depend on the tissue in question, 
it would appear that the Pasteur effect may not always be caused 
by the same mechanism. 

Evidence previously presented (KVAMME 1958 b) showed that 
the glyceraldehyde-3-phosphate dehydrogenase reaction is the 
rate limiting step in aerobic glycolysis of Ehrlich ascites tumour 


| 


cells. As the concentration of inorganic phosphate in the incuba- | 
tion medium determines both glucose uptake and lactic acid for- | 
mation (KvAMME 1958 a), it seems reasonable to presume that | 


anaerobically stimulated glycolysis in ascites tumour cells is caused 
by a release of inorganic phosphate. 

In what follows glycolysis has been inhibited in the usual way 
by exposure to air (Pasteur effect) as well as by a fumarate stimu- 
lated respiration in cells partially blocked with malonate (the 
malonate Pasteur effect). In the latter case, the Crabtree effect 
can be studied at the same time as the Pasteur effect. 


Methods and materials. 


The same methods and materials as previously described were | 


used (KvAMME 1958 a, b, c). 


Results. 
The Pasteur effect. 


If the Pasteur effect in ascites tumour cells is caused by an aerob- 
ically reduced availability of inorganic phosphate for glycolysis, 
a less pronounced Pasteur effect would be expected on increasing 
the external phosphate concentration. By increasing the phos- 


phate concentration of the medium (Table I), the relative and | 
absolute difference between the anaerobic and aerobic glucose | 


uptake became smaller, and was almost abolished in the presence | 
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Table I. 
Pasteur effect and phosphate esters in Ehrlich ascites tumour cells: 


Inorganic pmoles 
phosphate 
0 6 15 30 120 
© = = = = 
< < < < < < < =< 
Glucose 
uptake ...| 2.3 | 6.5 | 4.6 | 9.4 | 6.5 [10.0 | 8.0 |10.8 | 12.2 | 13.4 


Acid labile 
organic P .| 0.37] 0.14] 0.36] 0.19] 0.64] 0.30] 0.74] 0.19] 1.61] 0.42 


0.04} 0.06] 0.19] 0.05] 0.17] 0.05] 0.19] 0.07] 0.43] 0.07 
Fructose P ..} 0.19] 0.14] 0.26] 0.18] 0.29] 0.20] 0.36] 0.21] 0.70] 0.26 
Total acid 
soluble 


organic P .| 3.35] 1.55] 3.23] 1.87] 2.19] 1.48] 3.77] 1.52] 4.83{ 1.29 


The test system contained in a final volume of 6 ml: 40 wmoles of glucose, 140 
pmoles of tris (hydroxymethyl) aminomethane (Tris) buffer pH 7.4 and a cell sus- 
pension (0.15 ml of packed cells). Where indicated, potassium phosphate buffer 
pH 7.4 was added. The aerobic incubation was performed in Erlenmeyer flasks, the 
anaerobic incubation in partially evacuated Thunberg tubes, and glucose was ad- 
ded (tipped in) after temperature equilibration for 10 min. at 37°C. The incubation 
was then continued for an additional 60 min. ATP was measured according to the 
modified Kornberg’s method, and corrected for traces of hexose monophosphate 
found (2 experiments). 


of 20 umoles of phosphate per ml. When the cells were incubated in 
an unusually strong phosphate buffer (50 wmoles per ml), the 
Pasteur effect was negative (Table II). The glucose uptake as well 
as the lactic acid formation were thus higher under aerobic than 
anaerobic conditions, although aerobiosis exerted its greatest stim- 
ulatory influence upon the glucose uptake. The extra glucose taken 
up aerobically, accumulated as fructose-di-phosphate. 

The concentration of acid soluble phosphate esters has been 
determined under aerobic and anaerobic conditions. The concentra- 
tion of total acid soluble organic phosphate as well as acid labile 
organic phosphate, fructosephosphate and ATP was higher under 
aerobic than under anaerobic conditions. The difference increased 
when phosphate was added to the medium (Table I, II). Aerobically, 
the cellular inorganic phosphate in the presence of glucose, was 


| 

| 
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Table II. 


Effect of high phosphate concentrations on the Pasteur effect in Ehrlich 
ascites tumour cells. 


Total | Inorganic pmoles 

number] phosphate 

of ex- | added 0 320 

peri- 

a Aerob. Anaerob. Aerob. Anaerob. 


16 Glucose 


uptake ...... 7.16+0.72 | 11.19+0.64 | 32.24+0.96 | 19.98+0.54 
8 Fructose 

phosphate 0.82+0.05 0.33+40.02 9.95+0.43 | 0.73+0.07 
8 Lactic acid ..| 19.80+0.30 | 28.10+0.96 | 52.60+-0.71 | 47.50+1.96 


The test system contained in a final volume of 6 ml: 40 pmoles of glucose, 210 
umoles of tris (hydroxymethyl) aminomethane buffer pH 7.4 and a cell suspension 
(0.2 ml of packed cells). Where indicated, potassium phosphate buffer pH 7.4 
was added. The aerobic incubation was performed in Erlenmeyer flasks, the an- 
aerobic incubation in partially evacuated Thunberg tubes, and glucose was added 
(tipped in) after temperature equilibration for 10 min. at 37°C. The incubation was 
then continued for an additional 60 min. 


Table ILI. 
Pasteur effect in IAA inhibited ascites tumour cells. 


IAA Inorganic phosphate moles 
0.0 | 4.0 8.0 

2 | 2 = 

— | Glucose uptake........... 14.4 | 23.5 | 23.0 | 28.0 | 20.0 | 28.7 
— 37.3 70.4 | 37.3 | 76.4 43.2 | 67.1 
Glucose uptake ........... 4.7 0.0 42 0.0 9.8 | 0.0 
BIE 12.5 6.7 13.1 6.7 | 13.5 


The test system contained in a final volume of 4 ml: 140 pmoles of tris (hydroxy- 
methyl) aminomethane (Tris) buffer pH 7.4 and a cell suspension (0.4 ml of 
packed cells). Where indicated, 0.2 wmole of [AA and potassium phosphate buffer 
pH 7.4 were added. 15 pmoles of glucose were added to the flasks containing IAA, 
30 wmoles to the others. The incubation was performed in Erlenmeyer flasks, and 
glucose was added after temperature equilibration for 10 min. at 37°C. The flasks 
were then incubated for an additional 60 min. (2 experiments). 
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Fig. 1. Pasteur effect and inorganic phosphate in Ehrlich ascites tumour cells. 


The test system contained in a final volume of 4 ml: 100 pmoles of glucose, 140 

pmoles of tris (hydroxymethyl) aminomethane (Tris) buffer pH 7.4, a cell suspen- 

sion (0.8 ml of packed cells), and potassium phosphate buffer pH 7.4 as indi- 

cated in the figure. The aerobic incubation was performed in Erlenmeyer flasks, 

the anaerobic incubation in partially evacuated Thunberg tubes, and glucose was 

added after 10 min. temperature equilibration at 37°C. The incubation was then 
continued for an additional 60 min. 


20—40 per cent of that under anaerobic conditions, and rose upon 
the addition of external phosphate (Fig. 1). 

These findings are further support for the idea that the Pasteur 
effect in ascites tumour cells is the result of a competition for in- 
organic phosphate. 

As expected according to this theory, the Pasteur effect in [AA 
poisoned cells was much less pronounced than in normal cells. 
Actually, under anaerobic condition no glucose was taken up by 
IAA poisoned cells (Table III), although a definite glucose uptake 
occurred under aerobic condition. This experiment, as well as the 
negative Pasteur effect when excess phosphate was added, demon- 
strate that ATP generated during extraglycolytic processes can 
also participate in the hexokinase reaction. As respiration is not 
stimulated by phosphate (KvAMME 1958 a), this ATP is possibly 
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Fig. 2. 

Fig. 2—4. Malonate Pasteur effect and phosphate esters in Ehrlich ascites tumour 
cells. 


The test system contained in a final volume of 4 ml: 100 pmoles of glucose, 100 

pmoles of sodium malonate and a cell suspension (1.0 ml of packed cells). 

When indicated in the figures there was added 50 umoles of sodium fumarate, 

and potassium phosphate buffer pH 7.4. The incubation was performed in Erlen- 

meyer flasks, and glucose was added after 10 min. temperature equilibration at 
37°C. The incubation was then continued for an additional 60 min. 


not formed by respiration itself, but by an oxygen dependent reac- 
tion, the rate of which is limited by phosphate. However, when 
the cells are incubated with 0—20 umoles of inorganic phosphate 
per ml, the greater part of the ATP utilized in the hexokinase reac- 
tion is glycolytically generated (KvAMME 1958 b). 


The malonate Pasteur effect. 


During glycolysis fumarate markedly stimulated respiration in 
malonate inhibited cells, whether inorganic phosphate was present 
in the medium or not (KvAMME 1958 c). Malonate blocked cells 
incubated in a phosphate free medium, showed a significant drop 
in glucose uptake and lactic acid formation upon the addition of 
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Table IV. 
Malonate Pasteur effect in Ehrlich ascites tumour cells. 
Incubation] Substrate Added | Glucose uptake | Lactic acid 

pmoles pmoles 
Aerob. Glucose —- 16.4 + 0.8 (6) 32.3 + 0.8 (6) 
Glucose + fumarate — 8.8 -+ 0.4 (6) 19.0 + 0.3 (6) 
Glucose + citrate — 15.9 (2) 34.3 (2) 
Glucose L 21.9 + 1.1 (6) 50.7 + 2.6 (6) 
Glucose + fumarate + 18.9 + 1.2 (6) 41.0 + 2.0 (6) 
Glucose + citrate ao 23.4 (2) 51.9 (2) 
Aerob. Glucose — 16.3 (3) 34.5 (3) 
DNP Glucose -+- fumarate _ 15.2 (3) 33.8 (3) 
Anaerob. Glucose — 14.0 (3) 31.2 (3) 
Glucose -+- fumarate — 13.8 (3) 31.8 (3) 


The test system contained in a final volume of 2 ml: 25 wmoles of glucose, 50 wmo- 
les of sodium malonate, a cell suspension (0.2 ml of packed cells), and 40 umo- 
les of potassium phosphate buffer pH 7.4 or 70 umoles of tris (hydroxymethy]) 
aminomethane (Tris) buffer pH 7.4. When indicated in the table there was added 
25 pmoles of sodium fumarate, 25 uwmoles of sodium citrate and 0.2 wmole of 
DNP. The aerobic incubation was performed in Warburg flasks, the anaerobic 
incubation in Thunberg tubes, and the glucose was tipped in after 10 min. temper- 
ature equilibration at 37°C. The incubation was then continued for an additional 
60 min. Number of experiments (_ ). (Mean values). 


fumarate (the malonate Pasteur effect) (Table IV). The final con- 
centration of malonate added was such that the endogenous oxy- 
gen uptake decreased about 50 per cent. 

This is a true Pasteur effect, as it is abolished under anaerobic 
conditions as well as by DNP (Table IV). Just as with the usual 
Pasteur effect, excess phosphate counteracted the malonate Pas- 
teur effect. The oxygen uptake was almost unchanged in the pres- 
ence or absence of phosphate, and thus the limited amounts of in- 
organic phosphate available appear to be preferentially utilized to 
oxidize fumarate at the expence of glycolysis. The malonate Pas- 
teur effect was also accompanied by a decrease in cellular, inor- 
ganic phosphate (Fig. 2), and an increase in acid labile phosphate 
and ATP (Fig. 3), but contrary to the ordinary Pasteur effect, 
the concentration of fructose phosphate decreased (Fig. 4). In 
glycolyzing, malonate blocked cells, citrate as distinct from fu- 
marate, exerted very little effect on intracellular, inorganic phos- 
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phate, ATP, total acid labile phosphate and fructose phosphate. 
The abolition of the malonate Pasteur effect by DNP was accom- 
panied by an increase in intracellular inorganic phosphate and a 
reduction in the level of acid labile phosphate esters. 

Apart from the behaviour of fructose phosphate, there seems to 
be no fundamental difference between the usual Pasteur effect 
and the malonate Pasteur effect. Both effects are clearly related 
to the inorganic phosphate available for glycolysis, both in the 
medium and intracellularly. The reduced concentration of fruc- 
tose phosphate which accompanies the malonate Pasteur effect, 
could indicate that less ATP is available for the hexokinase reac- 
tion under these conditions. 


TER’s system (1957) was uninfluenced by the addition of inorganic 
phosphate, and that the level of inorganic phosphate actually in- 
creased as a result of the Pasteur effect. The concentration of the 
adenine nucleotides were also unchanged in the inhibited and unin- 
hibited system. According to the same authors, mitochondria from 
cancer cells did not behave in the same way as liver mitochondria. 


It is of interest that the Pasteur effect in AISENBERG and Pot- | 
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»sphate. A 
s many theories have been advanced for the Pasteur effect, 
ites and conflicting biochemical findings reported, it seems likely that 
eand a | 2 Pasteur effect is merely a symptom which may appear for a varie- 
ty of reasons, depending upon the type of tissue in question. 
eems to | 
r effect 
related | Discussion. 
in the 
of fruc- The idea of pathways of preference seems useful in a unified 
- effect, description of the Pasteur and Crabtree effects. For instance in 
sereac- | cells partially blocked with malonate, limited amounts of phosphate 
: are preferentially used for fumarate oxidation, causing an inhibi- 
.d Por- | tion of glycolysis 7. e. a Pasteur effect. Hence there is a competition 
organic for inorganic phosphate between the glycolytic generation of ATP 
ally in- | and the ATP generation linked to oxidative phosphorylation 
1 of the with preferential channeling of inorganic phosphate into the 
dunin- | latter. 
ia from Regarding the Crabtree effect, the higher ATP and lower in- 
ondria. | tvacellular inorganic phosphate accompanying the counteraction 
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of the Crabtree effect by fumarate, clearly shows that the Crabtree 
effect is not caused by an overall lack of cellular inorganic phos- 
phate or phosphate acceptors. 

The experiments with DNP (Kvamme 1958 b, c) indicate a 
competition for inorganic phosphate between glycolytic reactions 
and substrate phosphorylation(s) in the alpha ketoglutarate— 
succinate reaction with preferential channeling of inorganic 
phosphate into the former. If a similar mechanism is presumed 
for the Crabtree effect in the presence and in the absence of DNP, 
it is possible that the effect is in both instances caused by a 
competition for mitochondrial, inorganic phosphate. However, it 
must be stressed, that during aerobic glycolysis in the absence 
of DNP, it may not be justified to distinguish between com- 
petition for mitochondrial inorganic phosphate and phosphate 
acceptors, as the former may be following the latter. The in- 
increased Crabtree effect which frequently was observed upon 
the addition of phosphate to the medium (KvaMME 1958 a, b) 
actually indicates that the adenine nucleotides are rate limit- 
ing for respiration under this condition. 

Regarding the origin of mitochondrial, inorganic phosphate, 
BartLey and Davies (1954) suggest it is derived from ATP 
breakdown, while SrekEvitz and Potter (1955 a, b) feel that it is 
at least in part furnished by other mitochondrial phosphate esters 
e. g. phospholipoids or phosphoproteins. The finding of a negative 
Pasteur effect in the presence of JAA or excess phosphate 
(Tables II, III) is support for these authors’ view that the adenine 
nucleotides can penetrate the mitochondrial membrane. During 
oxidative phosphorylation, ATP is ejected from the mitochondria, 
a process which could be stimulated by the increased extra- 
mitochondrial demand for inorganic phosphate during aerobic 
glycolysis and lead to a mitochondrial depletion of adenine 
nucleotides and inorganic phosphate. If substrate phospho- 
rylation(s) int he alpha ketoglutarate—succinate reaction is unable 
to utilize extramitochondrial inorganic phosphate or ADP, this 
reaction could be rate limiting for the TCA cycle under these 
conditions. 

It is evident that in ascites tumour cells, inorganic phosphate 
which is to some extent carried by adenine nucleotides, shuttles 
between the sites of phosphorylation. The Pasteur and Crabtree 
effects then arise because certain phosphorylations are preferred 
at the expense of others. 
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The nature of ATP accumulation during aerobic glycolysis is 
still unexplained. The enhanced concentration of other phosphate 
esters is probably a result of this excess ATP available. The rise in 
ATP which seems to be the basic reason for the increased demand 
of inorganic phosphate, causing the Pasteur and Crabtree 
effects in ascites tumour cells, may be just due to an accelerated 
ATP generation insufficiently counteracted by local ATP-ases. 
However, the formation of an ATP-ase inhibiting compound can 
not be ruled out. The capability to generate and maintain a high 
concentration of ATP is most likely important in ascites tumour 
cells as a means of satisfying the great in vivo energy demand, 
due to rapid protein synthesis and cell division. 


Summary. 


1. The aerobic inhibition of glucose utilization 7. e. the Pasteur 
effect in Ehrlich ascites tumour cells decreased when the concen- 
tration of inorganic phosphate in the medium and the level of 
intracellular inorganic phosphate increased. It was accompanied 
by a rise in acid soluble phosphate esters. A higher aerobic than 
anaerobic glucose uptake was observed in IAA inhibited cells, or 
by incubation in a strong phosphate buffer (negative Pasteur 
effect). 

2. In ascites tumour cells, partially blocked with malonate, 
fumarate in contrast to citrate, stimulated oxygen uptake and 
inhibited glycolysis (the malonate Pasteur effect). This effect also 
decreased when the concentration of inorganic phosphate in the 
medium and the level of intracellular, inorganic phosphate in- 
creased. It was inhibited by DNP and anaerobiosis. 


3. In glycolyzing cells, blocked with malonate, fumarate further 
enhanced the acid labile phosphate and ATP, in spite of the accom- 
panying rise in oxygen uptake. Thus the Crabtree effect could not 
be explained by lack of total cellular inorganic phosphate or phos- 
phate acceptors. 


4. The Pasteur and Crabtree effects in Ehrlich ascites tumour 
cells are explained by the preferential channeling of limited a- 
mounts of cellular inorganic phosphate which is to some extent 
carried by adenine nucleotides into certain reactions at the 
expense of others. 


ELLING KVAMME. 
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Methylation of Noradrenaline in Beef Suprarenal 
Homogenates. 


By 
U. S. v. EULER and I. FLODING. 


Received 8 January 1958. 


It is generally assumed that adrenaline is formed by methylation 
of noradrenaline in the chromaffin cells. Experimental support 
for this assumption has been produced by BwLBrine (1949) 
who added noradrenaline to homogenized suprarenal gland tissue 
from cats and dogs and incubated the mixture for 1 hour at 
37° C. The amounts of adrenaline and noradrenaline in the reaction 
mixture were estimated biologically, mostly on the spinal cat’s 
blood pressure and the cat’s denervated nictitating membrane. 
The experiments indicated that the addition of ATP was essential 
for the methylation process. Choline in some experiments seemed 
to enhance the reaction while it was not indispensable for the 
methylation. In other experiments a conversion to adrenaline 
occurred without any addition of exogenous noradrenaline. 

Recent experiments by Fatcx, and H6GBERG (1956) 
and BiascHKko et al. (1956) have shown the presence of large 
amounts of ATP in the chromaffin cell granules described by 
LAGERSTEDT and Nixson (1953) and by BLascuko and 
WetcH (1953). It would therefore seem that sufficient quantities 
of ATP would be present in homogenates to allow methylation, 
provided that this takes place in the presence of granules. 
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In the experiments presented in this communication the 
methylation process was studied by adding noradrenaline to 
medullary homogenates from beef without addition of other 
reaction substances. 


Methods. 


Beef suprarenals were obtained from the slaughter-house and 
kept in a refrigerator at + 3° C. As it turned out that the catechol 
amine content was maintained for at least 4 days when the whole 
glands were stored as indicated, the glands from the same batch 
were used for experiments on several days. The medulla was 
prepared by removing the cortex with scissors and homogenized 
in a Potter-Elvehjem homogenizer and suspended in Krebs- 
Ringer solution to a concentration of 50 mg per ml. 

One ml of this suspension was used for each vessel and diluted 
with Krebs-Ringer, the pH of which was varied in the experiments, 
to a final volume of 3 ml including the added amounts of nor- 
adrenaline or adrenaline. 

Control series without additions were run in order to obtain 
figures for the catechol amine content in the tissue and their 
standard deviation. 

In the actual experiments noradrenaline was added in amounts 
of 2 to 20 wg per mg tissue, usually 10 wg per mg. In one 
experiment adrenaline was added (10 ug per mg tissue). 

The reaction mixture was incubated in 50 ml glass-stoppered 
Erlenmeyer flasks kept in a water-bath at 37° C and with con- 
tinuous rocking similar to that in a Warburg experiment. 

Generally 7 controls and 7 tests were run in the same experi- 
ment. 

The reaction was adjusted with M/15 phosphate to pH 5.0—7.5. 
After 2 hours’ incubation 1 ml 8 per cent trichloroacetic acid was 
added to each vessel and the content filtered on paper. Of the clear 
colourless filtrate 1 ml was diluted to 100 ml with distilled water 
and 0.1 ml of the solution used for fluorimetric estimation of 
adrenaline and noradrenaline according to the technique of EULER 
and FLopine (1956). 

In order to check the technique known mixtures of adrenaline 
and noradrenaline were analysed in two series. The results are 
given in Table I. 


| 

4 

V 

t 

E 

») 

n 

7 

3 

a 

0 


n the 
ne to 
other 


e and 
techol 
whole 
batch 
was 
nized 
‘rebs- 


luted 
ents, 
P nor- 


btain 
their 


yunts 
one 


ered 
con- 


peri- 
-7.5. 
| was 
clear 
yater 
n of 
JLER 


aline 
are 


METHYLATION OF NORADRENALINE. 


Table I. 
Expt. | n Added pg Estimated pg 
mean and S. D. 
adr. noradr. adr. noradr. 
1 10 10.0 13.0 10.1 + 0.16 13.0 + 0.24 
2 10 10.0 5.0 9.88 + 0.17 5.12 + 0.28 
Results. 


1. Control series without additions. 

In 3 series analyses were made with and without incubation of 
50 mg homogenized tissue suspended in 3 ml Krebs-Ringer solution 
without addition of noradrenaline. In expt. 3 a and 3 b the same 
tissue suspension was used. 

Table II shows the results of these series. 


Table II. 


Adrenaline and noradrenaline per mg medullary homogenate in Krebs- 
Ringer solution at pH 6 without additions (means and S. D.). 


Expt. No. | Adr. Noradr. % Noradr. 
1 12.9 + 0.25 3.27 + 0.29 21 (not incubated) 
2 14.3 + 0.20 4.49 + 0.49 24 » 
3a 8.76 + 0.15 2.96 + 0.26 25 » 
3b 9.12 + 0.20 2.78 + 0.33 23 (incubated 2 hrs) 


2. Series with noradrenaline added. 


In 9 experiments noradrenaline was added to a suspension of 
medullary homogenate in 3 ml Krebs-Ringer solution at pH 5.0— 
7.5 and incubated for 2 hours. 

The results are given in Table III. 


3. Addition of adrenaline. 


In one experiment adrenaline was added to the reaction mixture 
and the catechol amines estimated after incubation. 

A slight but significant increase in the noradrenaline (-+ 1.12 + 
0.26) but no change in the adrenaline (+ 0.3 + 0.17) was observed. 
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Discussion. 


The present experiments have confirmed the general result 
of BULBRING (1949) that homogenates of the suprarenal medulla 
are able to methylate added noradrenaline on incubation. There 
are certain notable differences in the results, however. Thus in 
Bilbring’s experiments methylation occurred only when ATP 
was added. It is possible, however, that methylation of the order 
recorded in our experiments without addition of ATP escaped 
detection with the technique available at the time of Biilbring’s 
studies. In her experiments as much as 99 per cent increase in 
adrenaline was recorded, while in our experiments the degree of 
methylation did not exceed 11 per cent of the added noradrenaline. 
Since we have made no experiments with addition of ATP and 
methyl donors it is not possible to state whether the difference is 
due to this factor. 

KIRSHNER and GooDALL (1957) have reported the formation 
of adrenaline from noradrenaline using the methylpherase present 
in the supernatant from homogenates of bovine adrenal medulla, 
with addition of either ATP and methionine or with S-adenosyl- 
methionine as methyl donors. 

Our results indicate that formation of adrenaline can occur 
in bovine adrenal medulla homogenates when noradrenaline 
is added, even without addition of methyl donors. It may be 
concluded that the homogenate contains the complete system 
necessary for methylation. 

The remarkable stability of the catechol amines during 2 hours’ 
incubation at 37° in air at a pH of 5—7.5 seems worth mentioning. 
The absence of inactivation suggests either that the catechol 
amines are present in a protected form such as in intracellular 
granules, or that substances are present which inhibit oxidation 
or enzymatic inactivation. 


Summary. 


1. Noradrenaline added to homogenate of beef adrenal medulla 
is methylated to about 10 per cent after incubation in Krebs- 


Ringer solution for 2 hours at pH 6.0—7.5 but not at pH 5.0. No 
ATP or methyl donors were added in these experiments. 
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2. There was no indication of any inactivation during the 
incubation period. 


The expenses of this investigation were covered by a grant from the Medical 
Research Council which is gratefully acknowledged. 
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Intravenous Assay of Antidiuretic Hormone 
Using the Goat. 


By 
B. ANDERSSON and N. PERSSON. 


Received 11 January 1958. 


vAN Dyke, ADAMSONS and ENGEL (1955) have directed well 
founded criticism against the method of Burn (1931) for assay 
of antidiuretic hormone. This method and modified versions 
of it seem to be accurate only when hormone rich extract is used 
as the subcutaneous or intraperitoneal injection of large amounts 
of extract may have nonspecific effects upon renal hemody- 
namics or cause endogenous liberation of antidiuretic hormone, 
readily evoked by painful or emotional stimuli (Rypin and 
VERNEY 1938). vAN Dyke et al. (1955) drew the conclusion that 
assays made by intravenous injections into hydrated animals 
are the most reliable. They found that the dog, first used for 
intravenous assays of antidiuretic hormone by Hare, Hickey 
and Hare (1941) and O’Connor and VERNEY (1945), is much 
to prefer to the rat in which elaborate methods as those of JEF- 
FERS, LIVEZEY and Austin (1942) or of DickEeR (1953) have to 
he used. In the dog, however, emotion easily causes an endog- 
enous release of antidiuretic hormone (RypIN and VERNEY 1938) 
and thus well trained animals or dogs with experimental diabetes 
insipidus have to be used. 

In the last five years we have made a large number of ex- 
periments during which the diuresis of hydrated goats has been 
followed. Painful or emotional stimuli have hereby never been 
observed to cause an endogenous release of antidiuretic hormone. 
Further, the presence of a voluminous rumen from which water 
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is slowly absorbed has the advantage that large amounts of 
water given as one single load causes a fairly even water diuresis 
lasting for several hours (ANDERSSON 1955), and additional 
loads of water can be administered easily through a ruminal 
cannula with no disturbance to the animals. The purpose of this 
paper is to give a short description of the procedure used in this 
laboratory to assay antidiuretic hormone and a discussion of its 
usefulness. 


Methods. 


Adult female goats weighing 30 to 40 kg and kept with free 
access to block salt were used for the assays. Some of the animals 
were supplied with closed ruminal fistulae made as described by 
DouGHERTY (1955). Two hours after the administration of water 
at body temperature (15 to 20 per cent of body weight) into 
the rumen by stomach tube, or through the ruminal fistula, 
the goats were placed in a Pavlov stand and catheterized with a 
retention catheter (Fig. 1). The urine was collected in 5 minute 
samples and the volume of each sample was recorded. To make 
the assays less elaborate the samples were then pooled two and 
two so that electrolyte determinations were made in 10 minute 
samples. No corrections were made for the dead space in the col- 
lecting system. In animals supplied with ruminal fistulae the 
calculated water loss was replaced into the rumen every hour. 

Injections of standards and samples to be assayed were made 
through a fine needle into the large and easily accessible external 
jugular vein. Repeated venous punctures could in this way be 
made with little irritation to the animals and caused no disturbing 
damage at the place of injection. Fresh dilutions of ‘‘Pitressin” 
(PaRKE & Davis) were used as standards. 

Urine sodium and potassium concentrations were determined 
by help of an Evans Electraselenium Ltd. flame photometer 
and urine chloride concentrations according to the method 
described by Brun (1949). 


Results. 


The priming dose of water after two hours leads to an excretion 
rate of about 10 ml of urine per minute and markedly lowers the 
urinary concentration of electrolytes. At this level of water 
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Fig. 1. A goat, supplied with a closed ruminal fistula, catheterized and placed in 
a Pavlov stand in the manner practiced during the assays of antidiuretic hormone. 


diuresis the intravenous injection of 2 mU of vasopressin (anti- 
diuretic hormone) in all animals tested caused a clear cut in- 
hibition of water diuresis and a rise of urinary concentration of 
electrolytes during the period of inhibition. A slight, transient 
antidiuretic effect was in most animals seen after the injection 
of as little as 1 mU of vasopressin. A gradual increase of the 
dose of hormone or renewed injections, made when the urine flow 
subsequent to each period of inhibition had returned to preinjec- 
tion level, caused a more and more prolonged and marked in- 
hibition of urine flow and a gradual increase of the electrolyte 
concentration of the urine. A good distinction between the effect 
of varying doses of vasopressin could thus be obtained within 
the range of 2 to 6 mU (in some animals between 1.5 to 8 mU) 
as illustrated by Fig. 2. Thus, when the amount of antidiuretic 
hormone present in the injection samples of assay material was 
kept within this range, rather accurate determinations of the 
antidiuretic activity present could be made. As the tranquil goats 
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Fig. 2. The effect on water diuresis and urinary concentration of electrolytes of 
repeated intravenous injections of different doses of antidiuretic hormone in a 
goat (Body weight 40 kg). 


A priming dose of water (6 litres) was given two hours before the experiment 
started. Upper arrows mark the intravenous injections of hormone. The calculated 
water loss (W) was replaced into the rumen every hour through a ruminal fistula. 


may easily be placed in a Pavlov stand for 6 to 7 hours, up to 
10 injections could be made in an experiment of this kind 
especially if the water loss was replaced into the rumen every 
hour. The emptying of the bladder was very satisfactory in all 
experiments seemingly due to the fact that the goats were kept 
in normal standing position which provided facilities for good 
suction in the collecting system. 


Discussion. 


Intravenous assays of antidiuretic hormone in the goat offer 
several advantages. No previous training of the animals is needed 
as emotional release of antidiuretic hormone does not occur in 
experiments of this kind. A water diuresis remaining at a fairly 
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even level for long periods can be obtained by the administration 
of one single dose of water into the rumen. If, however, several 
assays have to be made in one experiment the level of water 
diuresis can be kept more even if the calculated water loss is 
replaced every hour, and it is thus advantageous to use animals 
supplied with closed ruminal fistulae. 

Although the minimal effective dose of antidiuretic hormone is 
higher in the goat than in the dog (vAN Dyke et al. 1955) the useful 
range of doses (at least 2—6 mU) is wider than in the latter 
animal (0.5—2.5 mU). 

Within this range an increase of the dose of hormone step 
by step is followed by a gradual increase in the duration of the 
inhibitory periods. However the intensity of the inhibition does 
not always show a similar graded change. Therefore the evalua- 
tion of the result of an assay is facilitated by the determination 
of the urinary sodium and chloride concentrations as the rise in 
concentration of these electrolytes seems to follow the dose in- 
crease rather linearily within the useful range of the method 


(Fig. 2). 
Summary. 


A method used for the intravenous assay of antidiuretic hor- 
mone in the goat is described. The useful range of doses of hormone 
is at least 2—6 mU. 
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On the Arylsulphatase Activity of the Rat Liver 
During the Fetal Life. Comparison of in vivo 
and Tissue Cultivation Analyses. 
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LEIGHTON (1951) has developed a method for tissue cultivation 
which intends to preserve the structure of the cultivated tissue 
somewhat similar to the tissue grown in vivo. He (1954) has also 
postulated that by preserving the tissue structure during in vitro 
conditions its functions would also resemble the corresponding 
functions in vivo. 

In the present work we have studied the hepatic function of 
fetal rat by measuring the arylsulphatase activity of it. The 
arylsuphatase (a—s) contents of adult rats have been studied 
frequently by using paranitrophenylsulphate as substrate. How- 
ever, no reports are available on the corresponding enzyme con- 
centrations during fetal development. PULKKINEN (1957) has 
recently studied the a—s enzyme activity from human fetal 
material. The purpose of this work was to study the a—s activity 
of fetal hepatic tissue first in vivo and compare the results ob- 
tained with the tissue material cultivated using both the cellulose 
sponge method and free cultivation medium. 
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Material and Methods. 


Fetuses taken from 6 pregnant albino rats (Wistar) were used 
in the study. The rats were operated under aether anesthesia at 
the time when the fetuses were 12—19 days old. A part of the 
fetuses were removed under sterile conditions through the ovarian 
end of the uterine tube and the rest of the fetuses were left in 
situ so that some were kept until natural parturition. The fetal 
development phase was determined from the time of copulation, 
time of parturition, and from the size of the fetus and also as- 
suming that the rat carries 21 days. Hepatic tissue specimens 
were both subjected immediately to enzyme analyses and to 
tissue cultivation. Altogether 31 fetuses were studied, 19 of these 
immediately and 12 after tissue cultivation. 

PULKKINEN (1957) has previously adapted the p-nitrosulphate 
method introduced by Huaerns et al. (1947) for whole homogen- 
ates. ABBoTT et al. (1949) have found the pH optimum for this 
enzyme of rat liver to be 6.6. The present analyses were per- 
formed under the same conditions. The arylsulphatase activity 
was measured in the following manner. 1.5 ml of acetate buffer 
(pH 6.6) and 0.5 ml of the 0.01 M p-nitrosulphate substrate were 
incubated with 0.5 ml of the liver homogenate at 37° C over a 
period of 15—20 hours. The enzyme reactions were stopped and 
the deproteinization carried out by adding 0.5 ml of 10 per cent 
ZnSO, and 0.8 ml of 0.5 N sodium hydroxide in the incubation 
mixture. The precipitate was filtered through a Whatman no. 40 
filter paper and the p-nitrophenol was measured from the clear 
filtrate with a spectrophotometer (Beckman DU at 402 my). 
The results were calculated as wg of p-nitrophenol per mg of 
tissue nitrogen per hour. The nitrogen determinations were per- 
formed with the well known micro-Kjeldahl method. 

Tissue cultures of liver specimens taken from 12 fetuses were 
also made, each specimen being cultivated 14 days. Parallel 
studies were made by using the Le1iGHTon (1951) cellulose sponge 
method, and the method in which the tissue grows freely on the 
glass surface. The incubation mixture was made from the Parker 
solution no. 199 (O. Y. Orion, Helsinki), human serum and 
chicken embryonic extract in ratio 25: 25: 1. Chicken plasma 
coagulate was used for the fixation of the tissue on the cellulose 
sponge and for the fixation of this on the wall of the bottle. The 
incubation mixture was changed every 3 days. Penicillin, strepto- 
18—583010. Acta physiol. scand. Vol. 42. 
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mycin and mycostatin (SwiBB) were used to prevent bacterial 
and fungic infections. Temperature was kept at 37° C in the 
thermostat room. The growing of the tissue was indicated by 
the macroscopic increase of the tissue mass, by means of the color 
change of phenol red indicator and by the proliferation detected 
in the histological preparations. 

After the 14 days cultivation period those specimens which 
were grown on the cellulose sponge were kept one hour in a 0.5 
per cent trypsin solution (Difco 250) to dissolve the dead protein 
material. The residue was rinsed with 0.9 per cent NaCl, centri- 
fuged and the precipitate homogenized. The tissue material 
cultivated in the free medium was mechanically removed from 
the walls and homogenized. After this the arylsulphatase analyses 
were performed as described above. 


Results. 


The results are handled in 3 groups according to the fetal age. 
Group 1 comprises the 12—15 day old fetus material; group 2 
the 15—19 day material and group 3 the new-born or 21 day 
old fetuses. The results are listed in Tables I and II. 


Table I. 


In vivo specimens. ug p-nitrophenol/mg tissue 
nitrogen/hour. 


Groups Range Mean Number of 
fetuses 
1 0.9— 2.9 1.5 7 
2 2.6— 8.2 5.2 5 
3 12.7—17.4 14.4 3 
Table II. 


In vitro (cellulose sponge) specimens. pg p- 
nitrophenol/mg tissue nitrogen/hour. 


Groups Range Mean Number of 
fetuses 


0.4—4.2 
0.9—4.2 1.9 
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In vitro (cellulose sponge) specimens. 
Age of fetus in days. 


In vivo specimens. 


Fig. 1. Hepatic arylsulphatase activity (expressed as the amount of p-nitrophenol 
liberated from the p-nitrophenylsulphate substrate) at different fetal age. The 
fetuses belonging to the same litter are marked with the same number (1—6). 


It must be noted that when comparing the in vivo results with 
the culture analyses one must add 14 days to the latter. The 
liver specimens cultivated freely in the medium gave no results. 

In addition to these analyses the arylsulphatase activity was 
determined from 4 whole fetus homogenates at the fetal age of 
12 days. The mean was 5.5 (range 4.5—7.5). 

Since our experimental procedure allowed a study of enzyme 
activity of fetuses taken from the same mother at different 
development phases, it is also possible to analyse the material 
in this latter respect. This is illustrated in Figure 1. As the in 
vitro tissue age is taken the age of the fetus at the time when the 
specimen is taken plus the cultivation time. The graph indicates 
an increase in the enzyme activity as the fetus becomes older in 
utero. Although the results of full term fetuses are obtained only 
from 3 fetuses from the same mother, a tendency for increase 
until parturition is evident. 
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In contrast to these in vivo results are those obtained under 
the tissue cultivation conditions. In these no increase of enzyme 
activity was found. The values remain at a level which corre- 
sponds approx. to the activity of a 12—14 days old fetus grown in 
utero. It is interesting that whereas the tissue specimens which 
were grown free in the medium showed no signs of arylsulphatase 
activity, they still appeared to have been alive and gave 
distinct signs of proliferation. 


Discussion. 


Although the material is small a distinct increase in aryl- 
sulphatase activity during fetal development is evident since it 
occurred in every analysed case. This finding is in agreement 
with a previous report on the glucuronide synthesis in fetal rabbit 
(HarTIALA et al. 1955). Another interesting observation is that 
the enzyme activity was higher in the whole fetus than in the liver 
specimens alone. One explanation might be that the liver itself at 
this phase really does not possess a high functional status. On 
the other hand it has been shown that injection of estrogen to 
the guinea pig results in an increase of its hepatic arylsulphatase 
activity (Brancut 1955). This increase is proportional to the 
amount of estrogens administered. As is known the estrogen titer 
increases during the end of the pregnancy. Whether this has any 
bearing on the results obtained in this study remains to be shown. 
At the moment we are performing studies to find whether the 
arylsulphatase activity in the rat decreases with the cessation 
of the estrogen activity. 

Cellulose sponge liver cultivates gave values which remain at 
level of a 12 days old fetus. The interpretation of this observation 
is difficult. It certainly indicates that the growing and prolifera- 
tion of the tissue in vitro is not accompanied with a similar in- 
crease in the functional capacity as is the case when the tissue 
is grown in its natural environment. Nevertheless the fact that 
the enzyme activity disappeared in the free medium cultivates 
may be taken as an indication that the sponge cultivation method 
is capable to preserve also during in vitro conditions some of the 
characteristics of the original tissue. 
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Summary. 


The arylsulphatase activity of rat liver was measured at 
different fetal age. An increase in this activity was associated 
with the increasing age of the fetus. Specimens from the same 
material were cultivated in free medium and on cellulose sponge. 
With the former cultivation method the enzyme activity dis- 
appeared whereas the sponge method gave constant readings for 
arylsulphatase activity. No increase in this activity took place, 
however, during the cultivation. 
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The Action of Tetraethylammonium (TEA) on 
the Kitten Diaphragm. 


By 
JACOB STOVNER. 


Received 13 january 1958. 


SULLIVAN and KENSLER (1950) reported that addition of TEA 
to the bath fluid markedly increased the twitch height of the 
indirectly stimulated kitten diaphragm in normal Tyrode solution. 
In view of the observations of earlier workers (Cowan and ING 
1933, 1935, and Cowan and Wa ttTeR 1937) that frog nerves 
treated with TEA responded repetitively to single nerve shocks, 
KENSLER (1950) was inclined to explain his results on this basis. 
RIKER (1953) in reviewing the excitatory actions of quaternary 
ammonium compounds on the myoneural junction regarded this 
action of TEA on the kitten diaphragm as due to an excitatory 
effect on the motor end-plate, although he admitted that TEA 
does not usually excite the motor end-plate in any other species. 
No evidence was produced, however, indicating that the increase 
in twitch height was due to an action of TEA on the nerve or on 
the myoneural junction in this preparation. 

In recent years an action of TEA on the muscle fibre proper 
has been demonstrated in crab muscle (Fatr and Katz 1953) 
and in toad muscle (HAGIwARA and WaTANABE 1955). These 
workers found that TEA increased the amplitude and the duration 
of both the mechanical and the electrical responses of the directly 
stimulated muscle fibres. 

Epwarps et al. (1956) investigated the active state of frog 
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muscle fibres and found that TEA prolonged the active state in 
concentrations down to 0.2 mM. These findings show that TEA 
exerts a marked effect on the muscle fibres of crustaceans and 
amphibians, and it is therefore quite possible that certain mam- 
malian muscle fibres are affected in a similar way. 

The present work is an attempt to determine the site of action 
of TEA in producing the increase in twitch height of the indirectly 
stimulated kitten diaphragm which SuLLivAN and KENSLER 
observed in 1950. In order to obtain some further information 
about the mechanism whereby TEA exerts its effect, certain 
mechanical characteristics of the muscle contractions have been 
studied. For comparison, the action of TEA on other mammalian 
nerve-muscle preparations has been investigated. Some indica- 
tions about the specificity of TEA in exerting this action have 
been obtained by testing the effect of a closely related compound 
on the twitch height. 


Methods. 


The recorded experiments involved the use of 12 kittens, 10 rats, 
4 young guinea-pigs, 2 young rabbits, 2 adult rabbits and 2 adult 
cats. The young rabbits were 1 week old, the kittens 2 to 8 weeks old 
and the guinea pigs 3 to 4 weeks old. 


A. Experiments with isolated phrenic nerve diaphragm preparations. 


1) Isotonic contractions. 


The method of BiLBRine (1946) with the modifications described 
earlier (STOVNER 1957 a) was used. Experiments were performed on 
preparations from all the young animals. Some experiments were 
also performed on diaphragm preparations from adult cats. With 
vigorous oxygenation of the bath fluid these preparations responded 
to single nerve shocks with twitches of constant height for more than 
one hour, provided the frequency of stimulation was low. On increasing 
the frequency of stimulation the twitch height was reduced and this 
appeared to be irreversible. 


2) Isometric contractions. 


A strip of the diaphragm with the phrenic nerve attached was clamped 
at its rib end to the bottom of the bath. The muscle pulled vertically 
through a light inextensible chain on a strain gauge (Philips Pr. 9214). 
The movement was about 1 mm when a load of 100 g was attached. 
The voltage changes produced in it were fed into a d.c. amplifier and 
displayed on a cathode ray oscilloscope and photographed. These 
experiments were performed on preparations from rats and kittens. 
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In most of the experiments with isolated diaphragm preparations 
the bath fluid was Tyrode solution of the composition given in a previous 
paper (StovNER 1957 a). The temperature of the bath was 37° C. The 
bath was aerated with 95 °% O, and 5 % CO,. 

Stimulation was applied either through the nerve or directly to 
the curarized muscle. The direct stimulation was made with one elec- 
trode along the rib end and the other electrode in the bath. The nerve 
was stimulated with shocks of 0.2 msec duration and supramaximal 
voltage. For direct stimulation shocks of 0.6 msec duration and current 
strength of about 70 mA were applied. 


3) Muscle action potentials. 


Muscle action potentials were recorded from the kitten diaphragm 
after single nerve shocks. The arrangement was the same as described 
earlier (STOVNER 1957 a). 


B. Experiments with rabbits and cats. 


Under light ether anaesthesia supplemented with local anaesthesia 
and chloralose (20—50 mg/kg) the animals were tracheotomized and 
a cannula placed in the jugular vein for injection of TEA, and in the 
carotid artery for recording blood pressure. Electrodes were placed 
on the sciatic nerve as described by Nagss (1950). Single shocks were 
applied to the sciatic nerve and isotonic contractions recorded from 
the flexor digitorum longus muscle in the rabbit and from the tibialis 
anterior muscle and the soleus muscle in the cat. The respiratory ex- 
cursions were recorded as described in a previous paper (STOVNER 
1958). The experiments were not started before one hour after the end 
of the preliminary ether anaesthesia. 


Drugs and solutions employed: 

Tetraethvlammonium (TEA) bromide (kindly supplied by Boots), 
tetraethylammonium (TEA) chloride (kindly supplied by Parke, 
Davis and Co.), f-hydroxyethyl-triethylammonium chloride (synthe- 
tized at the Chemical Institute, University of Oslo), d-tubocurarine 
chloride (Nyegaard and Co.), sodium bromide (Baker and Co.) In some 
experiments bath fluids were made up containing TEA bromide, TEA 
chloride or sodium bromide instead of an equimolar concentration of 
sodium chloride. 


Results. 


1. Effect of TEA on isotonic muscle contractions and muscle action 
potentials of the kitten diaphragm. 


On addition of TEA to a concentration of 1 mM in the bath 
fluid the height of the muscle twitches elicited by single nerve 


shocks increased in height about 20 to 30 %. This is demonstrated 
in Fig. 1 a. 
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This increase might possibly be due to repetitive responses 
arising in the nerve, its terminal branches or the muscle. In 
order to exclude this possibility, action potentials, set up by 
single nerve shocks, were recorded from the muscle. Fig. 1 b and c 
represent muscle action potentials set up by single nerve shocks 
before and after addition of TEA to a concentration of 1 mM 
in the bath fluid. It is seen that no change occurred in the peak 
voltage or the rising or falling phase of the action potential. No 
signs of repetitive responses could be observed in any of the experi- 
ments after addition of TEA. 

The next step was to test the effect of TEA on the contractions 
of the kitten diaphragm elicited by direct stimulation of the 
muscle under full curarization. After a large dose of curare which 
inhibited the responses to nerve stimuli throughout the experi- 
ment, the muscle was stimulated directly with single maximal 
shocks (GsonE 1955). On addition of TEA to a concentration of 
1 mM the directly released muscle contractions invariably in- 
creased 20 to 30 % in height (Fig. 1 d). 

The f-hydroxy derivative of TEA in a concentration of 1 mM 
also caused an increase in the twitch height of the kitten di- 
aphragm, and this effect was also localized to an action on the 
muscle fibre proper. The twitch height increased more gradually 
after this compound had been added than after TEA. 

Increasing the TEA concentration above 1 mM did not sig- 
nificantly increase the indirectly released muscle twitches. This, 
however, was due to the neuromuscular blocking action of TEA, 
because the directly released muscle twitches increased to ap- 
proximately twice the initial height when TEA was added to 
a concentration of 10 mM (Fig. le). Further addition of TEA 
making the bath fluid strongly hypertonic with TEA did not 
increase the twitch height significantly. 

In order to make certain that the effect was not due to the 
hypertonicity of the solution some experiments were also per- 
formed where the bath fluid was changed to one containing 10 mM 
TEA instead of an equimolar concentration sodium chloride. An 
equally marked increase in twitch height occurred in this case 
as well. 

In recent years an action of bromide ions on frog muscle fibres 
has been demonstrated (KAHN and Sanpow 1955). In most of 
the present experiments TEA bromide was used. In order to 
make certain that the increase in twitch height was not due to 
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Fig. 1. Effect of TEA on the kitten diaphragm. 


Tracing a: Single supramaximal nerve stimuli 6 per min. Arrow indicates addition 
of TEA to a concentration of 1 mM. 


Tracing b and c: Muscle action potentials evoked by single nerve shocks before 
and after addition of TEA to a concentration of 1 mM. 
Tracing d: N indicates twitches evoked by single nerve shocks, M, twitches 
evoked by single maximal shocks to muscle. Arrow 1, addition of curare (1 mg/100 
ml). Arrow 2, addition of TEA to a concentration of 1 mM. 
Tracing e: Curare (1 mg/100 ml) is present in the bath, and the responses to 
nerve shocks were absent throughout the experiment. Twitches evoked by single 
maximal shocks to muscle. Arrow 1, addition of TEA to a concentration of 1 mM, 
arrow 2, addition of TEA to 10 mM. 


an action of the bromide ions, NaBr was added to a concentra- 
tion of 10 mM in the bath fluid. However, no change in twitch 
height occurred with this concentration of bromide. When NaBr 
in a concentration of 50 mM was substituted for an equimolar 
concentration of NaCl in the bath fluid, a slight increase in twitch 
height occurred. 

For comparison, some experiments were also performed with 
the rat diaphragm. It was found that 50 to 70 mM sodium had 
to be substituted for TEA before any significant increase in the 
height of directly released twitches occurred. For these experi- 
ments TEA chloride was employed to exclude the effect of bro- 
mide ions. 


2. Twitch tension, tetanic tension and contraction time of the kitten 


diaphragm. Effect of TEA. 


Isotonic recording with a lever writing on a smoked drum 
incorporates a good deal of inertia and resistance. In order to 
avoid this, isometric recording with a strain gauge have been 
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employed and the tension curves displayed on a cathode ray 
oscilloscope. 

A strip of the kitten diaphragm about 20 mm long and 10 mm 
wide was stimulated through the attached phrenic nerve or 
directly with single and tetanic shocks. This preparation usually 
developed between 20 and 30 g tension in a single maximal twitch, 
and the greatest force developed in a maximal tetanus (100/sec) 
was 100 to 150 g. The tetanus/twitch ratio in the kitten diaphragm 
is thus about 5. It varied between 4 and 6. The mean of 5 experi- 
ments was 5. 

In studying the contraction curve during a single indirect 
twitch in the kitten diaphragm it was found that the time from 
stimulus to peak tension was about 40 msec (Fig. 2 A). Some 
experiments were also performed using the rat diaphragm, and 
it was found that the time from stimulus to peak tension in this 
preparation was about half that found for the kitten diaphragm. 
This finding was verified by comparing the frequency of stimula- 
tion just causing a smooth tetanus in the two preparations. It 
was found that in the rat diaphragm a much higher frequency of 
stimulation was needed to produce a smooth tetanus than in 
the kitten diaphragm. This was found both when isotonic and 
isometric recording were employed. 

The effect of TEA was studied by stimulating the nerve with 
single shocks and recording the twitch tension curves before and 
after addition of TEA. In Fig. 2 A these curves have been super- 
imposed on each other with the time bases corresponding. It is 
seen that TEA causes an increase in peak tension of about 25 % 
and the peak is reached slightly later after addition of TEA. 
The rising phase of the twitch has been examined more closely 
by using a higher gain and faster sweep. It was found that the 
initial rate of rise of tension was largely unchanged after addition 
of TEA. Some experiments were also performed stimulating the 
muscle directly under full curarization and adding TEA to a 
concentration of 10 mM. The maximal twitch tension then in- 
creased to about twice the initial, and the peak was again reached 
later than before (Fig. 2 B). In all experiments an increase in 
time from stimulus to peak tension as well as an increase in peak 
tension was invariably found after TEA had been added. 

A number of experiments were performed to see if addition of 
TEA also increased the tension developed in a maximal tetanus 
(100/sec). An increase in maximal tetanic tension was never 
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20 mMSec 


20 msec 


Fig. 2. Effect of TEA on the isometric twitch tension curves of the kitten 
diaphragm. Tension in gram. Timer, 20 msec. 


Tracing A: Single supramaximal nerve shocks (20/min). Superimposition of two 
twitches obtained before and 3 min after (upper curve) addition of TEA to a 
concentration of 1 mM. 

Tracing B: Direct stimulation of the kitten diaphragm with single shocks 
(4/min). Curare (1 mg/100 ml) was present in the bath fluid. Superimposition 
of two twitches obtained before and 3 min after (upper curve) addition of TEA 

to a concentration of 10 mM. 


observed after addition of TEA. On the contrary, a slight fall in 
the maximal tetanic tension was sometimes observed after addition 
of TEA to a concentration of 1 mM. With higher concentrations 
of TEA a fall always occurred. This was found both when the 
muscle was stimulated with tetanic shocks through its nerve or 
directly after full curarization. 

Thus we are dealing with a process in which the twitch tension 
is increased, but, the maximal tetanic tension is unaltered or 
lowered when TEA is added to a concentration of 1 mM. 


3. Effect of TEA on other mammalian nerve-muscle preparations 
and on spontaneous respiration of rabbits and cats. 


In order to determine whether the observed effect on the kitten 
diaphragm was due to the infantile nature of the preparation. 
the effect of TEA was studied on phrenic nerve diaphragm pre- 
parations from young rabbits and guinea pigs. Only an insignifi- 
cant effect was observed on the indirectly evoked isotonic twitches 
of these preparations. 

In order to see if TEA would affect the respiratory muscles of 
the cat, TEA in a dose of 5 mg/kg was injected i. v. and the 
respiratory excursions recorded as well as the blood pressure and 
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By Rabbit 
100. 


73° 


Fig. 3. Effect of TEA on spontaneous respiration in the rabbit and the cat. 
Simultaneous recording of blood pressure and twitch height of a hind limb muscle. 


Single supramaximal chocks to sciatic nerve at a frequency of 6/min. 

Tracing A: Cat 3.7 kg. Records of respiration, twitches of tibialis muscle and 
blood pressure. Arrow indicates injection of TEA 5 mg/kg. Note the increase 
in respiratory excursions. 

Tracing B: Rabbit 2.7 kg. Records of respiration, twitches of flexor dig. long. 
muscle and blood pressure. Arrow indicates injection of TEA 5 mg/kg. No increase 

in respiratory excursions. 


the indirectly released tibialis twitch. In Fig. 3 A it is seen that 
this dose of TEA caused a marked transitory increase in the re- 
spiratory excursions, a short lasting fall in blood pressure, but no 
significant change in the twitches of the tibialis muscle. On the 
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Fig. 4. Isolated phrenic nerve diaphragm preparation from adult cat. Effect 
of TEA. 


Strip of diaphragm 1.3 cm wide and 8 cm long with piece of phrenic nerve attached. 

Vigorous oxygenation of bath fluid. Single supramaximal shocks to phrenic nerve 

at a rate of 8 per min. Contractions recorded isotonically. Load of muscle 30 g. 

Arrow indicates addition of TEA to a concentration of 1 mM in the bath 
fluid. 


respiratory excursions or the twitches of the flexor digitorum long. 
muscle of the rabbit no changes were observed with this dose of 
TEA (Fig. 3 B). 

The increase in respiratory excursions of the adult cat on injec- 
tion of TEA might still be due to a central effect of TEA. To 
exclude this some experiments were performed with isolated 
phrenic nerve diaphragm preparations from adult cats. On addi- 
tion of TEA to a concentration of 1 mM in the bath fluid, the 
contractions elicited by single nerve shocks increased markedly 
in this preparation as well (Fig. 4). 

The diaphragm therefore responds to TEA with an increase 
in contraction height both in the kitten and the adult cat. The 
hind limb muscles of the adult cat, however, did not show such 
an increase in twitch height with this dose of TEA. In order to 
see if the hind limb muscles perhaps responded differently in the 
kitten, an experiment was performed with an 8 week old kitten 
weighing 600 g. No significant increase in the indirectly released 
twitches of the tibialis and soleus muscles was obtained in this 
animal on injection of TEA in a dose of 5 mg/kg. 
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Discussion. 


A. The site of action of TEA on the kitten phrenic nerve diaphragm 
preparation. 


The present investigations localize the effect of TEA on the 
indirectly released twitches of the kitten diaphragm to an action 
on the muscle fibre proper. This is so because the effect can be 
demonstrated on direct stimulation after full curarization. As 
the muscle action potentials evoked by single nerve shocks ap- 
peared to be unaffected after TEA, repetitive responses arising 
in the nerve, its terminal branches or the muscle can be excluded 
for this concentration of TEA. Most inhibitors of cholinesterase 
at the myoneural junction increase the twitch height, but this is 
also invariably associated with repetitive muscle action potentials 
arising at the myoneural junction (BRowN et al. 1936). Inhibition 
of the cholinesterase in this preparation with a concentration of 
1 mM TEA can therefore also be excluded. This agrees with the 
demonstration by Bartow and Ine (1948) and KeNsLER and 
EtsneER (1951) that TEA fails to inhibit cholinesterases in vitro. 


B. The specificity of the action of TEA on muscle fibres. 


Increase in the directly released twitch height was found to be 
also caused by the f-hydroxy-derivative of TEA. This agrees with 
the finding on crab muscle (Fatt and Katz 1953) and on frog 
muscle (EDWaRDs et al. 1956) that the action of TEA to some 
extent also was shared by related quaternary ammonium com- 
pounds. The f-hydroxy-derivative of TEA has been shown in 
previous investigations (STOVNER 1957 b, c, 1958) to lack com- 
pletely the “calcium replacement’’, the antimagnesium and the 
anticurare effect exerted by TEA at the myoneural junction. 
The action of TEA on crustacean, amphibian and as now shown 
on mammalian muscle, is therefore more unspecific than its 
action at the mammalian myoneural junction. 


C. The nature of the action of TEA on muscle fibres. 


In the present experiments it was established that the con- 
tractions of the kitten diaphragm were changed after addition 
of TEA in the following way: 1) Greater peak tension in the 
twitch. 2) Longer time to reach this peak tension. 3) No increase 
in the maximal tetanic tension. 
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In order to interpret these results it is necessary to discuss 
Hill’s conception of the role of the active state in muscular con- 
tractions (Hitt 1949, 1950). According to Hit the normal course 
of externally recorded tension in a muscle twitch is determined 
by an interaction between internal activated contractile com- 
ponents and passive elastic components in series with them. 
At the end of a latent period after the stimulus the contractile 
components become activated and develop the capacity to shorten. 
This development of the active state occurs very abruptly and 
the full intensity is reached in a twitch equal to that of maximal 
tetanus. The full activity is maintained for a certain period and 
then subsides. But this shortening of the contractile components 
can become evident at the end of the muscles only through ex- 
tension of the elastic elements. The degree of stretching of these 
elastic elements in the muscles and tendons lags markedly behind 
the activated contractile elements. Thus in an isometric twitch 
the active state does not last long enough to transmit its full 
tension to the elastic elements, and that is why the peak tension 
is only a fraction of that potentially available in the fully activa- 
ted contractile components. 

Although not essential for this investigation, it is interesting 
that in the normal kitten diaphragm the peak tension of the 
twitch was one fifth of that in a maximal tetanus. The tension 
in a maximal tetanus is a measure of the full intensity of the 
active state, because here the elastic elements become fully 
extended. The peak twitch tension is a measure of the residual 
intensity of the active state at this moment, because the tension 
of the elastic and contractile components are equal at twitch 
peak. This can also be seen from Hill’s diagram of mechanical 
changes during a muscle twitch (H1Lt 1949) where it is seen that 
the active state curve crosses the twitch tension curve at its peak. 
A tetanus/twitch ratio of 5 means therefore that the active state 
has already fallen to 1/5 of its maximal value when the peak 
twitch tension is reached. 

The striking increase in twitch tension obtained on addition 
of TEA might in terms of the foregoing be due to: 1) An increase 
in the maximal intensity of the active state. 2) A prolongation 
of the active state. 

If the first of these possibilities had occurred this would cer- 
tainly be demonstrated by a corresponding augmentation of 
the maximal tetanic tension and also presumably by a change in 
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the time of rise of the twitch tension curve. Since this did not 
occur we can rule out an intensification of the active state as 
the explanation for the increased twitch height. 

Consider now the expected effects if the active state, though 
of normal intensity, was maintained longer and decayed more 
slowly on addition of TEA. There would thus be a longer time 
for transmission of tension of the active contractile components 
to the passive series elastic ones. This would result in a greater 
peak tension and a longer time to reach peak. Since the twitch 
produced by the kitten diaphragm showed both these changes 
after addition of TEA, presumably TEA prolonges the active 
state of the contractile components. This agrees with the finding 
of Epwarps et al. (1956) on frog muscle. These workers plotted 
directly the active state curve of frog muscle at 0° C and found 
that TEA was by far the most effective among related quaternary 
ammonium ions in prolonging the active state. This active state 
curve can at present be determined directly only for relatively 
slow muscles, as discussed by Hix (1951). On rapidly contracting 
mammalian muscle we are forced to draw conclusions about the 
active state indirectly from the isometric tension curves, as 
pointed out by Gorrart and Ritcuie (1952). 

The question of why TEA in low concentrations increased the 
contraction height of the cat and kitten diaphragm and not of 
any of the other mammalian muscles investigated, is difficult 
to answer. The kitten diaphragm was found to be a slower con- 
tracting muscle than the rat diaphragm. This is reflected in the 
longer contraction time, the lower fusion frequency of tetanic 
responses and a tetanus/twitch ratio of 5 which is lower than 
that for the rat diaphragm (Gorrart and RircHie 1952). Cooper 
and Eccies (1930) have shown that muscles with short contrac- 
tion times have high tetanus/twitch ratios. The speed of con- 
traction of the kitten diaphragm is comparable to that of the 
cat tibialis, while the cat soleus muscle is much slower (CooPER 
and Ecc.es 1930). As TEA in low concentrations did not increase 
the twitch height of either of these muscles, the speed of con- 
traction cannot be a deciding factor. Neither is infantility, because 
the twitch height of diaphragm preparations from other young 
animals, as well as the hind limb muscles of kittens, were unchanged 
with low concentrations of TEA. In the rabbit both respiration 
and the twitches of the flexor digitorum muscle were unchanged 
with such doses of TEA (Fig. 3 B). The increase in the respiratory 
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excursions of the adult cat (Fig. 3 A) was most probably due to 
a direct action of TEA on the diaphragm, because the isolated 
diaphragm of the adult cat responded to TEA as well with an 
increase in twitch height (Fig. 4). TEA in low concentrations 
seems therefore to affect the contraction process of only the cat 
and kitten diaphragm. However, with higher concentrations of 
TEA the rat diaphragm also showed some increase in twitch 
height. It is therefore likely that the cat and kitten diaphragm 
only differs from the other mammalian muscles investigated in 
possessing a higher degree of susceptibility to this action of TEA 
on the muscle fibre proper. 


Summary. 


1. The action of tetraethylammonium (TEA) on the contrac- 
tions of the isolated phrenic nerve diaphragm preparation from 
kittens has been investigated and compared with the action on 
other mammalian nerve-muscle preparations. 

2. TEA in a concentration of 1 mM increased the height of 
isotonically recorded muscle twitches about 20 to 30 % after 
stimulation of the muscle both indirectly and directly after full 
curarization. No change in the muscle action potentials was 
observed after addition of TEA to a concentration of 1 mM. 
The #-hydroxy-derivative of TEA had a similar but slightly 
less potent effect on the twitch height. 

3. Addition of TEA to the bath fluid of the kitten diaphragm 
increased the isometric peak twitch tension and the time from 
stimulus to twitch peak without significant increase in the rate 
of rise of tension. The maximal tetanic tension was unaltered 
or lowered after addition of TEA. These changes can be accounted 
for by a prolongation of the active state of the muscle by TEA. 

4. TEA in a concentration of 1 mM did not significantly 
change the twitch height of isolated diaphragm preparations 
from rats, young guinea pigs or young rabbits. Injection of TEA 
(5 mg/kg) in rabbits and cats did not increase the twitch height 
of the hind limb muscles. The respiratory excursions of rabbits 
were unchanged while those of the cat increased markedly after 
this dose of TEA. It is concluded that the diaphragm muscle of 
kittens and of cats is more sensitive to TEA than the other mam- 
malian muscles investigated. 
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The Fluorescence of Tetracycline in Rats 
Treated with Dihydrotachysterol. 


By 
ILKKA P. T. HAKKINEN. 
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Recently Ratu et al. (1957) reported certain observations re- 
lating to the fluorescence of tetracyclines in the organism. They 
observed that tumour tissues from carcinoma patients exhibited 
a yellow fluorescence when irradiated with ultraviolet of wave- 
length 3,660 A. The cause of this phenomenon was found to be 
tetracycline that had been administered to the patients. Similar 
phenomena were observed in mice into which various tumours 
had been implanted. The fluorescence persisted in the tumour 
tissues at least up to the 20th day after tetracycline had last 
been given. The fluorescence disappeared from normal tissues 
within 24 hours but was observed also in the bones during the 
20 days the observations were continued. 

Mitcu et al. (1957) studied this fluorescence in the bones of 
all ordinary experimental animal species. The fluorescence in the 
bones and teeth did not diminish appreciably in intensity during 
10 weeks after tetracycline had been administered. The fluorescent 
substance had concentrated in young animals in sites where bone 
formation was in progress in the epiphysis and especially in the 
endosteum and periosteum. Unossified cartilage did not fluoresce. 
The fluorescence was less intense in the older than in the younger 
animals. To explain the persistence of the fluorescence, these 
authors assumed that tetracycline combines with the bone matrix 
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to form a complex compound. It was considered possible that also 
calcium might participate in the formation of the complex. 

Loo et al. (1957) studied the accumulation of fluorescent sub- 
stance following administration of tetracycline to mice into which 
sarcoma had been implanted. They concluded that a weak com- 
plex is formed by tetracycline and some peptide and that this 
complex readily dissociates in an acid medium. 

On the basis of these observations on the fluorescence produced 
by tetracycline in bones, the present writer has carried out an 
investigation on rats that had been first given fairly large doses 
of dihydrotachysterol and then tetracycline. The aim was to 
determine the effect of the metabolic changes effected in the 
bone and other organs on the development of fluorescence after 
administration of tetracycline. 


Materials and Methods. 


Twenty-four albino rats 2 months old were employed as experimental 
animals. Their mean weight was 190 g and before the experiments they 
had been given a free diet. No attention was paid to sex. One group of rats 
were fasted for two days. A group was given 10 mg of dihydrotachys- 
terol (AT 10, E. Merck, Darmstadt) orally through a tube and a second 
5 mg dose of AT 10 on the following day. All of the rats were given 
10 mg of aureomycin (Aureomycin intravenous, Lederle) either intra- 
peritoneally or intramuscularly on the second day. The rats that had 
fasted two days before the experiments were begun, were fed either 
a low calcium or a normal diet. The animals were killed 2—4 days 
after the tetracycline had been administered. The different organs 
were examined in ultraviolet light of 3,660 A (UV light source: Die 
Analysen-Lampe, Original Hanau). Specimens were taken from the 
fluorescing regions of the kidneys, stomachs and heart muscles for 
microscopic examination. The specimens were preserved in formalin 
and stained with haematoxylin eosin. The distribution of the animals 
will be apparent from the accompanying table. 


Results. 


Two rats from each of groups 1 and 3 died on the second day 
after tetracycline had been administered. All the rats that were 
given AT 10 lost weight and their conditions deteriorated; this 
applied in particular to those that had fasted and were then kept 
on the low calcium diet. A distinct yellow fluorescence similar 
to that described by Mitcu et al. (1957) was noted in the bones 
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Table I. 


Rats treated with dihydrotachysterol (AT 10) following injection of 10 mq 

aureomycin either 1. p. or t. m. on the second day of experiment. The 

animals were killed 2—4 days after the tetracycline had been administered. 

The rats that had fasted two days before the experiment was begun were 
fed a calcium deficient diet under the experiment time. 


Rat Groups | 2 days Ca-defi- | Free AT 10 | AT 10 | Killed days 
fasting cient diet 10 mg | 5 mg after 
before diet tetra-cycl. 
exper. 


1 Numbers within brackets refer to the number of rats. 


of the animals on exposure to ultraviolet light. No clear dif- 
ferences in the distribution and intensity of the fluorescence were 
observed between the different groups of animals. Group 4 
that first fasted and then was kept on the low calcium diet, and 
group 5, the controls, did not exhibit fluorescence elsewhere than 
in the bones and teeth. A wide region with a yellow fluorescence 
containing necrotic tissue was observed in the muscle at the site 
of injection in those rats which were given tetracycline intra- 
muscularly. No fluorescence was noted at the sites of peritoneal 
injection. All groups included both animals that had been given 
intramuscular injections and animals that had been given intra- 
peritoneal injections. 

All the animals that received AT 10 were found to have spotted 
yellow fluorescent regions on the surfaces of the kidneys. Also the 
deeper layers contained spotted fluorescent regions. In groups 1 
and 3 the fluorescence in the kidneys was slightly more intense 
than in group 2. Extensive areas exhibiting a yellow fluorescence 
were observed in the corpus part walls of the stomach, but these 
were more clearly seen from the serosa than from the luminal 
side. Also this fluorescence was somewhat more intense in groups 
1 and 3 than in group 2. A dotted fluorescence was noted both 
on the surface and in deeper layers of the heart muscle. This fluo- 
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rescence was weak in the animals of group 2. Small fluorescent 
spots were seen in the lungs and in the larger bronchi. 

Omg | In the specimens which were taken from the fluorescent regions 
The | of the kidneys and stained with haematoxylin eosin, a blue mass 


ee could be distinguished in the media of the small arteries, blue 

granules in the epithelial cells of the tubules and dark blue re- 
eee gions, which could not be exactly defined as to their location, 
idays | here and there in the vicinity of the tubules. No such stained 
eycl, {| areas were generally seen in the glomeruli. Small blue-coloured 


' granules were observed at the roots of the gastric glands, and 
> small deep blue areas sporadically in the muscle layers. Blue 
granular masses were observed here and there in the muscle cells 
of the heart which were in part necrotic. 
The microscopic examination of fluorescing regions thus sug- 
gested beginning calcification of these organs. Similar changes 
* have been effected with AT 10 in numerous earlier experiments 
(Hottz 1933, Cartsson et al. 1955, 1957). 


dif- Discussion. 
vere 
p 4 ALBRIGHT et al. 1938 and CaRLsson et al. 1955 have established 
and } that AT 10 and vitamin D do not differ essentially in their effect 
han | 0 the mineral metabolism if equivalent doses are given. Calcifica- 
we tion of soft tissues may be effected with parathyreoid extracts 
ait and may occur in primary hyperparathyreosis in the same re- 
tra- gions as it results after giving an excess of vitamin D (HUEPER 
ae | 1927, Werre 1949, ALBRIGHT et al. 1948) and the changes observed 
ven ) cannot be distinguished histologically. The mechanism of action 
meaty of these substances has not been definitely clarified. However, 
' quite recently observations have been made that the parathyreoid 
end hormone acts on the ground substance of the matrix associated 
shes with connective tissue, at least in the bone (ENGEL 1952, LasKIN 
~~ et al. 1956, GAILLARD 1957), but possibly also elsewhere, e. g. in 
nse) the kidneys (SHETLAR et al. 1956), and hence the primary change 
on would take place in the ground substance and calcification would 
a occur after the matrix has become depolymerized to a certain 
‘nal extent. 
ups The mechanism of the action of vitamin D has been clarified 
ail in some degree (Exiot et al. 1956, De Luca et al. 1957) but the 


hei actual reason for the formation of calcified metastases in hyper- 
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vitaminosis is unknown. BAKER et al. (1954), have stated that 
renal calculi do not develop as a consequence of hypercalcemia 
alone. 

Although the fluorescence resulting from administered tetra- 
cycline is observed in the bones which contain much calcium and 
in calcified metastases, the fluorescing compound does not neces- 
sarily have to be a complex formed by tetracycline and calcium. 
The present writer has performed partial hepatectomies in rats 
and observed a fluorescence due to tetracycline in the vicinity of 
the wounds as late as 20 days after the operation, but no cal- 
cification was noted on histological examination (in preparation). 
Ulcers effected in dogs also fluoresce after administration of tetra- 
cycline (in preparation). 

One is tempted to associate the fluorescence due to tetracycline 
with the ground substance binding the connective tissue cells, 
which undergoes change when invaded by a malign tumour, in 
the vicinity of a wound, in inflamed and necrotic regions and 
in normal ossification (SHETLAR et al. 1949, SErsERT et al. 1947, 
GeERsH et al. 1949, CacHPoLE 1950, WEIMER et al. 1957). This 
view is supported by the observation of Loo et al. (1957), that 
tetracycline forms complex with some peptide. 


Summary. 


Typical calcified metastases were produced with AT 10 in the 
kidneys, stomachs, heart muscles and lungs of rats. Tetracycline 
given parenterally to these rats led to the appearance of regions 
in the calcified areas that fluoresced yellow in ultraviolet light. 
The intensity of the fluorescence was observed to increase in pro- 
portion to the dose of AT 10. 
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Erythropoietic Activity of Saline Washings of 
Blood Cells Subjected to Low Atmospheric 
Pressure in vitro. 


By 
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The réle of a transferable plasma factor in the regulation of 
erythropoiesis in anoxic subjects was postulated already half a 
century ago (CARNOT and DEFLANDRE 1906), and since then 
established by several authors (FoERSTER 1924, BonsporFF and 
JALAVISTO 1948, LoEscHKE 1950, ERsLEvV 1953, etc.). Recently, 
the anoxic erythropoietin has become a subject of special interest. 
Investigations on its chemical nature have been successful so far 
that protein-free plasma extracts with strong erythropoietic 
activity have been prepared from the blood of anoxic subjects 
(Borsook et al. 1954, Gorpon et al. 1954). As to the site of 
formation of the active agent, much evidence has accumulated in 
favour of hypophysis (vAN Dyke et al. 1957), while other data 
suggest the rdle of kidney in the formation of the erythropoietin 
(JACOBSON et al. 1957). The experiments of ERSLEV and LAvIETES 
(1954) and of Linman and BETHELL (1957), again, indicate that 
the integrity of the haemopoietic tissue is not necessary for its 
formation. Somewhat in contradiction of these results the investi- 
gations of the present writer suggest that an erythrocytosis pro- 
moting agent, similar to that in the plasma of anoxic subjects, can, 
in certain circumstances, also be demonstrated in blood subjected 
to low atmospheric pressure in vitro (HirsJARvI 1953, 1955), and 
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accordingly no other tissue than blood were needed for its for- 
mation. This hypothesis, if valid, would simplify the investigation 
of the chemical nature of the subject considerably. 

The aim of the present study is to gain information whether the 
presence of blood cells only is essential for the formation of the 
active agent in blood subjected to low pressure in vitro, or whether 
plasma must be present as well. For this purpose the erythropoietic 
activity of saline suspensions of blood cells subjected to low 
pressure has been tested; also a few experiments have been 
carried out to test whether saline washings of cells from blood of 
known erythropoietic activity have any erythrocytosis promoting 
effect. 


Material and Methods. 


As test animals young rabbits of both sexes were used. The living 
conditions of the animals were not optimal: their cages, sufficiently large 
to allow some excercise, were placed in a large and rather draughty 
room in which dogs also were kept. The barking of the dogs was noted 
to have an irritating effect on the rabbits. The first series of experiments 
(group 1) was carried out earlier; the animals then lived in better 
conditions. The diet consisted of oats, swedes and water, and was irreg- 
ularly completed with spruce twigs. Infections among the test material of 
groups 2 and 3 were fairly frequent, and though experiments performed 
on animals which later developed an illness were discarded, there 
still remains the possibility of latent infection in some of the test 
rabbits. In most animals a slight anaemia with high reticulocyte 
values was observed. 

The red blood picture (erythrocyte count, haemoglobin content and 
reticulocyte percentage) of the recipient rabbits was followed at intervals 
of a few days before the experiments until found reasonably stable, and 
determined daily during the experimental period. Blood for the deter- 
minations was obtained by puncturing the marginal ear vein and 
letting a drop form. 

Blood from the donor rabbits was drawn by heart punctures into 
heparinized syringes, 15—40 ml was taken at a time. The samples to be 
tested as to the erythropoietic effect were prepared as follows: In the 
first experimental group the heparinized blood sample was centrifuged, 
plasma was removed and replaced by 0.9 °% sodium chloride. Blood 
cells and saline were mixed by stirring gently and then separated again 
by centrifuging. The saline was removed and the cells were suspended 
into fresh saline. This suspension was then exposed to a pressure of 
100—300 mm Hg for 2—3 hours. After exposure, the saline was separated 
and injected intraperitoneally into recipient rabbits, 2—5 ml in each 
animal. 

In the second group the recipients were given intravenous injections 
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of larger amounts of saline. Blood samples from 3—4 donor animals 
were mixed, the blood cells were washed with 0.9 % sodium chloride 
as in group one, and the saline suspension was divided into two parts. 
One part was subjected to a pressure of 50—100 mm Hg for 1 */, hours, 
while the other part was left standing under normal pressure for the 
same time. Thereafter both samples were centrifuged and the saline 
was injected into recipient rabbits, 7—10 ml in each animal. In 3 cases 
the recipients received two saline injections on successive days in order 
to reinforce the effect. 

In the third experimental group the blood samples of 4 donors were 
mixed and divided into two parts. One part was subjected to a pressure 
of 50—100 mm Hg for 1 #/, hours, while the other one was left under 
normal pressure for the same time. After centrifuging, the ‘“‘anoxic”’ as 
well as “normal” cells were suspended into 0.9 9 sodium chloride, equal 
in volume to the plasma removed. The mixtures were stirred gently and 
then left standing for 20 minutes, whereafter the saline was injected 
intravenously into recipient rabbits, 7—10 ml in each animal. 

To control the erythropoietic effect of plasma from blood subjected 
to low atmospheric pressure, plasma from “‘anoxic” blood (third experi- 
mental group) was injected into 2 test animals and normal plasma into 
one animal. 

A part of the data was statistically treated. For calculation of the 
mean error of the mean Fechner’s formula ¢ = ayes was used 

(n—0O.2) }n 
(Ax = deviation of single determination from the mean, » = number 
of determinations). The statistical significance of the difference between 
the experimental and control groups was evaluated by calculating the 


M, — M2 . 
coefficient K = ieee, where M, and M, are the mean values in 


1 
Vex* + 
experimental and control groups, and ¢, and ¢, the mean errors in 
the two groups. 


Results. 


Six rabbits had intraperitoneal injections of small amounts of 
“low pressure saline’ (Methods, group one). The same rabbits 
served as test animals in an earlier study (HirsyArvi 1953), and 
then showed good reactivity. In the present series 4 animals 
reacted to the injection with an increase of red cells and reticulo- 
cytes, whereas in two cases there was a decrease in the red cell 
count and no reticulocytosis (no. 2 and 4). Haemoglobin values in 
all cases showed but little fluctuation in either direction, no clear 
parallelism with erythrocyte reactions was observed. The data 
concerning erythrocyte and reticulocyte reactions are given in 
Table I. As seen from the bottom line, there is an average increase 
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1imals Table I. 
loride Effect of small amount of saline washings of anoxic blood on rabbit’s red cell 
parts. count and reticulocyte percentage. 
1ours, 
or the Erythrocytes, mill./cu.mm Reticulocytes per cent 
saline 
cases Recip- Initial | Deviation from the initial Initial | Deviation from the initial 
order ient value | value value | value 
[st day |2nd day} 3rd day/4th day Ist day | 2nd day | 3rd day 
ssure 
ind 1 5 |+0.8 |+ 1.4 3 4.8 | +3.0 + 0.2 
2 5.6 — |—0.5 0.1 4.6 | —0.6 + O.4 
3 5.01 — |+0.4 0.3 | + 0.3 3.0 | +14] +22] +16 
qual 4 5.3 | —0.2 |—0.4 |+04 0.6 6.2 | —1l.0 | —2.6 | —2.0 
and 5 5.2 [+09 | — 4.0 | + 0.6 + 2.8 
cted 6 5.0 }+0.4 1+ 0.2 0.0 |+ 0.1 2.8 1+2.6] +3.6 1 + 2.4 
5.10] + 0.48] + 0.35] + 0.47 0.33 4.2 /}+10] +11] +0.9 
cted mean | + 0.14] + 0.25] + 0.18] + 0.23 0.13 0.5 | £0.71) +17] +08 
peri- 3 
into 
the on the four first days after injection amounting maximally to 
0.48 millions/ul. The increase borders on statistical probability 
used on each day, but is significant on no single day. If, however, the 
rber group is divided into parts comprising two days, the mean increase 
een on 3—4 days is significant (+ 0.42 + 0.14), and on the 2—3 days 
the srobable (+ 0.41 + 0.18). If the whole data is combined the 
I 
i ies average erythrocyte increase is 0.325 + 0.115, and thus borders 
on significance. 
sin | With regards to the reticulocyte values there is in most cases a 


moderate increase, but never a distinct reticulocyte peak. Statisti- 

cal treatment of the data reveals no significant difference from the 

) initial value on any single day, but if the values for all three days 

| are combined, the average difference from the initial value borders 

of on probability (+ 1.04 + 0.51). Thus, it is possible that in a 


its | larger material the difference might be significant. 

nd When evaluating these results it should be noted that the 
als | increase in erythrocyte values is of the same magnitude as or 
lo- } greater than in earlier experiments in which plasma from anoxic 
ell subjects or from low pressure blood was used (BoNspORFF and 
in JaLavistro 1948, HrrssArvi 1953). Furthermore the data would 
ar probably seem more convincing if compared with normal controls: 
ta in earlier experiments, injections of plasma and sodium citrate 
in was shown to have a slightly depressing effect on the recipients 


se ) red cell count (BonsporFF and JALAvisto 1948). Thus, the 


| 
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present results suggest that injections of saline in which blood 
cells have been suspended during low pressure exposure cause 
an increase in the erythrocyte values of the recipients. 

Because the amounts injected in the previous group were very 
small, in another series the experimental procedure was repeated, 
but the recipients received larger amounts of saline. In 2 cases the 
injection was given on two successive days. The results, as regards 
the red cell values are given in Table II, upper part. It is seen 
that in a half of the recipients which had one injection, there was 
an increase in the erythrocyte count, amounting maximally to 
0.8 mill./cu. mm, while in the other half there was a slight decrease 
in the number of erythrocytes. Those recipients which were given 
two injections reacted both with an erythrocytosis. When the 
mean deviations from the initial erythrocyte values are calculated, 
it is seen that the difference from the initial value borders on 
probability on the 2nd and 3rd day, and if the values for these 
two days are combined, the difference is almost significant (+ 0.20 
+ 0.07). 

The lower part of Table II comprises those cases, in which the 
washing with saline took place after exposure to low pressure 
(Methods, group 3). The data do not appreciably differ from those 
in the first part of the table. If the two parts are combined and 
the mean values calculated, it is seen that, here again, the dif- 
ference is statistically confirmed when the 2nd and 3rd day are 
treated as one group, and probable on both these days if treated 
separately. 

In Table III the effect of saline washings of blood subjected to 
normal pressure on the recipients red cell count is represented. 
In this group a general tendency to decrease can be clearly seen, 
which is also revealed by calculation of the mean values for the 
3rd, 4th and 7th day. As may be expected, no difference is observed 
between those cases in which the exposure to normal pressure had 
taken place before the washing and those in which the cells had 
been washed first. 

Comparison of the erythrocyte values on the first days following 
injection of “anoxic” and “‘normal” saline (Tables II and III) 
shows that there is a significant difference between the two groups 
on the 3rd day; if all the cases in table II are combined, the 
difference is 0.44 + 0.114; K = 3.8, if only the first part of table 
II is compared to the control material, the difference is 0.47 

0.15; K = 3.1. On the 2nd and 4th day the difference borders on 


gs of anoxic blood on rabbit’s red cell count (millions/pl). 
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Table III. 


Effect of injection of saline washings of normal blood on rabbit's red cell 
count (millions/ul). 


Recip-| Initial | Deviation from the initial value Remarks 
ient value 
2nd day | 3rd day | 4th day | 7th day 
1 4.6 + 0.1 — 0.3 + 0.2 + 0.1 exposure to 
2 4.6 + 0.1 — 0.2 0.0 + 0.2 normal pres- 
sure: whole 
blood; cells 
washed with 
saline after 
exposure. 
§.1 — 0.1 — 0.5 — 0.6 — 0.5 exposure to 
4.8 0.0 — 0.5 — 0.3 + 0.1 normal pres- 
5 4.9 + 0.1 0.0 0.0 + 0.3 sure: blood 
6 4.8 — 0.5 — 0.2 — 0.2 0.0 cells sus- 
7 5.1 —0.1 — 0.3 — 0.3 —1.0 pended in 
18 4.9 + - 0.1 + 0.1 + 0.1 saline. 
84] —0.02 — 0.24 — 0.14 — 0.09 
Mean | -—- 0.07 L 0.07 - 0.07 + 0.06 + 0.15 


two injections. 


probability, on the 7th day there is no difference. If, on the other 
hand, the material is treated in groups comprising two days, the 
difference is confirmed on 2—3 days (K = 4.0, whole group II) 
and on 3—4 days (K = 4.2 whole group II). 

As regards the reticulocytes, in the controls as well as in the 
experimental group positive reactions of similar magnitude 
(up to 6—7 %) were encountered, yet the frequency of the reac- 
tions was greater in the experimental group. 

In haemoglobin values no significant difference between the 
experimental and control group was observed. Inconsistency of 
the values in some test animals was common to both groups. 
In the experimental group there usually was a slight decrease in 
the color index. 

In order to control the erythropoietic activity of low pressure 
blood in the present test material, 2 rabbits received injections of 
plasma from blood kept under low atmospheric pressure, while 
one rabbit was given plasma from normal blood. In the latter 
recipient no change in the red blood count was observed, while the 
two animals, which had injections of ‘“‘anoxic” plasma reacted 
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with an increase in the erythrocyte count of 0.5 millions/ul on 
the 2nd and 3rd day. 

Summarising, the above data suggest that injections of saline 
in which blood cells were suspended during low pressure exposure 
cause an increase in the erythrocyte count of the magnitude of 
0.3—0.5 millions/ul, lasting 2—3 days, which sometimes is 
accompanied with reticulocyte reaction and, more seldom, by 
an elevation in haemoglobin level. Saline washings of cells from 
blood exposed to low pressure also seem to cause a similar reaction. 
The effect on the erythrocyte count is more consistent if the 
injection is repeated twice. On the other hand, after injection of 
saline washings of normal blood the recipients show a slight 
decrease in the red cell count. The difference between the erythro- 
cyte reaction in experimental and control group is statistically 
confirmed. 


Discussion. 


The present experiments indicate that saline suspensions of 
normal blood cells frequently gain erythrocytosis promoting 
activity when subjected to low pressure. In regard to the reliability 
of the results, the following points should be considered: 1) The 
absence of elevation of the haemoglobin level and, in many cases, 
of the reticulocyte reactions after injection, and 2) the compara- 
tively strong tendency to decrease of erythrocyte count in the 
control group. 

As to the haemoglobin values, the disaccord between erythrocyte 
and haemoglobin reactions may rather be interpreted as a sign of 
release of young red cells into the circulation than as a proof 
against it. The absence of reticulocyte reactions might seem 
harder to explain in terms of a real erythrocytosis. It is, however, 
not impossible; if the early increase in the erythrocyte count, 
lasting only 2—3 days, were, as it seems, due to increased release 
into the circulation of young cells from the bone marrow, the 
reticulocyte response might well be over on the 2nd day after 
injection, when the first reticulocyte count was performed. (The 
maturation of a normoblast in the circulation takes 48 hours, 
Nizet 1947.) 

The depressing effect of “normal saline” on the test animals’ 
red cell count may attract the reader’s attention. This may be 


20—583010. Acta physiol. scand. Vol. 42. 
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interpreted as due to the daily handling of the animals; latent 
infections can also be the cause in some cases. 

Besides the result that saline gains erythropoietic activity when 
subjected to low pressure together with normal blood cells, the 
present experiments suggest that cells from “low pressure blood”, 
when suspended into saline for a short while, lend a similar activity 
to the saline. Accordingly, the active agent would be given up 
from the blood cells during exposure or while washing the exposed 
cells with saline, whereas from normal cells no such activity were 
released. 

A natural question in this connection is whether haemolysis 
caused by the manipulation of the samples might be responsible 
for the erythropoietic activity. This is, however, unlikely, as 
neither the samples injected, nor the washings were discoloured. 
On the other hand, it is possible that some substances were released 
from the erythrocyte membrane into the saline during the experi- 
mental procedure; trauma involved in the procedure may or may 
not be responsible for this. 

As the réle of trauma in the present experiments cannot be 
excluded with certainty, it might be asked, whether the erythro- 
poietic activity of low pressure blood also were due to trauma and 
to no- specific effect of the lowered oxygen tension. This, however, 
is unlikely, as the control samples in the present experiments 
probably suffered from a trauma equal to that represented by the 
low pressure exposure, but still gained no activity. 


Summary. 


In order to test the erythropoietic activity of saline in which 
blood cells were suspended during low pressure exposure the 
following experiments were performed. 

1. Six rabbits had intraperitoneal injections of 2—5 ml of 
“anoxic saline”. The injection was followed by an increase in the 
number of red cells on the 4 first days. (Average increase on 3—4 
days 0.42 + 0.14 millions/ul.) 

2. Eight rabbits were given intravenously 7—15 ml of ‘‘anoxic 
saline”. The animals reacted to the injection with an increase in 
the erythrocyte count which was of a smaller magnitude than in 
the previous group. (Average increase on 2—3 days 0.20 + 0.07 
millions/ yl.) 
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3. Eight control rabbits had intravenous injections of saline 
in which blood cells were suspended under normal pressure. In 
this group the injection was followed by a moderate decrease in 
the erythrocyte count. The difference between the reactions in the 
second and third groups is statistically significant (difference on 
the 3rd day 0.47 + 0.15 millions/wl). 

4. Three rabbits had intravenous injections of saline in which 
cells from anoxic blood were suspended for 20 minutes. The 
injection was followed by an increase in the erythrocyte count of 
a similar magnitude as in group 2. 
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The nature of the frog skin potential.’ 


Recent work in this laboratory (Usstne 1948; Ussine and 
ZERAHN 1951) and elsewhere (LINDERHOLM 1952) has led to the 
conclusion that the electric asymmetry found in the isolated 
surviving frog skin is due to an active transport of sodium ions 
across the epithelium from the outside to the inside. The spon- 
taneous potential across the isolated frog skin thus develops as 
a result of the active transport of sodium ions and the shunting 
effect of the anions, viz. chloride ions, when the bathing solutions 
are Ringer’s. 

A consequence of this h¥pothesis is that the skin potential will 
approach a limiting value, viz. the electromotive force of the 
sodium transport mechanism (Ey,), when the chloride perme- 
ability approaches zero or when a non-penetrating anion is used 
instead of chloride. 

Skins with a very low chloride permeability can be obtained 
by adding copper ions at a concentration of 10~ M to the solu- 
tion bathing the outside of the skin. Even higher and constant 
potentials are produced when the slowly penetrating sulphate 
ion is substituted for chloride ion in the bathing solutions. Such 
skins are well suited to study the factors governing the electro- 


1 Part of the present material and the theory proposed were reported at the XX 
Int. Physiol. Congress 1956. 
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motive force associated with the sodium transport mechanism. 

The present paper deals with the dependence of the skin 
potential on the sodium and potassium coneentrations of the 
bathing solutions. In the absence of a penetrating anion, the 
outside surface of the skin behaves over a wide range of con- 
centrations like a sodium electrode, and appears non-responsive 
to any other cation than sodium, while the inside behaves like 
a potassium electrode. 


Methods. 


The experiments were made in the early spring on the ab- 
dominal: skin from the brown frog, Rana temporaria. The ex- 
perimental set-up was the one previously described by Korrorp- 
JOHNSEN, V., H. H. Ussine and K. Zeraun (1952), but as only 
potential measurements were made, the inlets for the current 
bridges were plugged with solid glass rods. After the skin had 
been dissected, it was washed in Ringer solution or sulphate 
Ringer, depending on what solution was to be used in the 
experiment. (Sulphate Ringer is Ringer solution in which an 
equivalent amount of sulphate has been substituted for chloride). 
The skin was then mounted in the apparatus with 20 ml Ringer 
solution on both sides, and CuSO,, 5H,O was added to the out- 
side solution to give a final concentration of 10~ M. This treat- 
ment reduces the chloride permeability considerably (Table I). 
After 1—2 hours had elapsed, the potential generally had reached 
a constant high level. The potassium concentration on both sides 
or in the inside bathing solution only was now altered stepwise 
by substituting potassium for sodium. This was most readily 
done by adding’ potassium Ringer (7. e. Ringer solution in which 
all sodium ha& been replaced by potassium) to the desired con- 
centration. There was no difference in the behaviour of the skin 
whether the solution on both sides or on one side only was changed. 
For each step the potential was measured frequently until a new 
steady state level had been reached. The time which elapsed 
between two steady state levels was of varying length, generally 
from 1—5 min. 

The sodium concentration on the outside was changed by 
substituting the non-penetrating magnesium or choline ions 
for sodium. All potentials were corrected for junction potentials 
at the bridges. 
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Table I. 
Influx, pequivalents Cl h— 
Control period (1 hour) .......... 2.56 
Cu » 1.15 
» » 0.64 
Control period (1 hour) .......... 0.812 
» » 0.258 


Short-circuited skins from brown frogs. Ringer on both sides. 

Flux measurements made by means of Cl**. 

Cu periods are the periods following the addition to the outside of CuSO,, 5H,0 
at a concentration of 10-* M. 


Results. 


Fig. 1 shows the relationship between the potential and the 
logarithm of the concentration of potassium of the inside solu- 
tion in copper-treated skins. The potassium concentration was 
varied from 2—80 mM on both sides or on the inside only. It is 
seen that the potential within this concentration range varies 
almost linearly with the logarithm of the concentration of potas- 
sium and with nearly the correct slope for a potassium electrode, 
¢. e. 60 mV for a tenfold increase in concentration. 

Fig. 2 shows the result of the same kind of experiment done 
on skins bathed in Na,SOQ,-Ringer. The potassium concentration 
was increased in the same way, and the result is again the almost 
linear relationship between the potential and the logarithm of 
the potassium concentration of the inside bathing solution. 

Recent research (unpublished observation) has shown that 
the epithelial cells swell when the potassium-concentration of 
the inner bathing solution is increased. A similar swelling does 
not take place in case of a sulphate skin, the sulphate ion being 
non-penetrating. The two potentials are thus of different types. 
The potential observed in Ringer solution is of the Donnan type, 
“~while the one in sulphate Ringer is an expression of the almost 
exclusive potassium selectivity of the inward-facing membrane. 

The chloride conductance of the frog skin decreases much 
more rapidly with decreasing outside NaCl concentration than 
does the sodium conductance (LINDERHOLM 1954). Consequently 
untreated frog skins with a very dilute Ringer solution on the 
outside surface show a very low permeability towards anions, 
and behave in that respect similarly to copper-treated skins. 
This is shown in Fig. 3, where the potassium sensitivity of the 


{ 
inn 
ou 
; 
out 
199 
te 
out 
tio 
the 
t sh 
| ph 
rel 
} an 
1 


THE NATURE OF THE FROG SKIN POTENTIAL. 301 


av 
150 150 
Cut* treated skin +4 
N 
100 
SOF 
Fig. 1. Skin with Ringer solution on both sides. Outside 


bathing solution made 10 M with respect to Cu**. Ordi- 
nate: skin potential, abscissa: the potassium concentration 
of the inside solution. 


inner membrane is demonstrated on a skin which is bathed on its 
outside with 1/100 Ringer solution. 

Normally, frog skins have their maximum potential at an 
outside sodium concentration of about 1—10 mM (Hasnipa 
1922). However, when the skin is treated with copper, the po- 
tential will increase nearly linearly with the logarithm of the 
outside sodium concentration over a wide range of concentra- 
tions (Fig. 4). Below 10 mM sodium the slope is somewhat less 
than the theoretical one, a fact which is probably due to some 
shunting effect of the chloride ions. If the non-penetrating sul- 
phate ion is substituted for chloride, as is the case in Fig. 5, the 
relationship between the logarithm of the sodium concentration 
and the potential is linear and has the theoretical slope between 
1 and 100 mM of sodium. 
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Fig. 2. Skin with Na,SO,-Ringer on both sides. Ordinate: skin po- 


tential, abscissa: the potassium concentration of the inside bathing 
solution. 
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Fig. 3. Ringer solution on the inside surface of the skin, 

1/100 Ringer on the outside. Ordinate: skin potential, 

abscissa: the potassium concentration of the inside bathing 
solution. 
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Fig. 4. Skin with Ringer on both sides. Outside 

solution made 10- with respect to Cu**. Ordi- 

nate: skin potential, abscissa: the sodium con- 
centration of the outside bathing solution. 


Discussion. 


The above observations have shown that the outside surface 
of the frog skin behaves as if it were selectively permeable to 
sodium while the inside has a potassium-electrode-like behaviour. 
The potassium selectivity of the inner membrane is also illustrated 
by the following observations. Thus when the bathing solutions 
of the skin are aerated with 5—7 per cent CO, instead of atmos- 
pheric air, the exchange of potassium between the cells and inner 
solution decreases, and the potential_is decreased. Under these 
conditions the inner membrane has hardly any potassium selec- 
tivity left; furthermore it has been known for some time (FuKUDA 
1942)-that the potential across the skin is abolished if there is 
no potassium in the inside bathing solution. 

The following statements seem compatible with all observations 
made so far: 

1. The transporting epithelial cells have a high concentration 
of potassium and a low concentration of sodium. 

2. The outward-facing membrane of the cells is impermeable to 
all cations except sodium and lithium. (The outer membrane is 
nearly completely impermeable to potassium. It can be demon- 
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potential, abscissa: the sodium concentration of the outside 
bathing solution. 


strated by means of K* that practically all exchange of potassium 
takes place between cells and the inside solution (unpublished 
observation). 


3. The inward-facing membrane of the cells is \permeable to 
potassium, while the permeability to free sodium ions (as distin- 
guished from sodium passing through the ‘“‘sodium pump’’) is 
extremely low. 


4. The active sodium transport mechanism is located at the 
inner border, and should possibly be considered a forced exchange 
of sodium from the cells against potassium from the inner solu- 
tion. (Hydrogen ions might to some extent substitute for po- 
tassium ions). 


The potential would then develop (Fig. 6 a and b) in the fol- 
lowing way (ideal case, no anion permeability): 
Sodium diffuses into the cell from the outside across the out- 
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str. strotum corium 
cornea germinativumn 


100 4/ 


Fig. 6 a. A schematic drawing of a section through 

the frog skin showing the different layers. The arrow 

points to the part of the section which is shown in 
Fig. 6 b. 


side border and gives rise to a diffusion potential which makes 
the cell positive in relation to the outside. The magnitude of this 
potential, #,, is given by the Nernst equation: 
‘RT (Na), 
F (Na), ’ 


where (Na), is the sodium concentration in the outside bathing 
solution, and (Na), is the cellular sodium concentration. The 
sodium movement through the outer border is passive, but highly 
specific (comparable to the sodium movement into the nerve fibre 
during the rising phase of the spike). The cellular sodium con- 
centration is assumed to be kept low and practically constant by 
active transport of sodium across the inner border. The active trans- 
port mechanism is presumably a carrier-linked and possibly obli- 
gatory exchange of sodium from the cell against potassium from 
the inside solution (jugt as sodium extrusion in red cells and in nerve 
fibres seems to be coupled with an active accumulation of po- 
tassium). This implies that the pump itself is not “electrogenic’”’. 
The free potassium ion will then diffuse back from the cell into 
the inside bathing solution, and gives rise to another diffusion 
potential, which makes the inside solution positive in relation 
to the cell. The magnitude of this potential #; is determined 
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Qcm. Lem. 
Fig. 6 b. A stratum germinativum cell with a model illus- 
trating the hypothesis about the origin of the frog skin po- 
tential. O. c. m. = outer cell membrane, which is passively 
permeable to sodium. I. c. m. = inner cell membrane, which is 


passively permeable to potassium. P pump. 


by the high cellular potassium concentration and the low potas- 
sium concentration in the inside bathing solution. Again ac- 
cording to the Nernst equation we have: 
RT K 
— 

(K); 


Thus potassium moves in the steady state in a closed circuit, 
and gives rise to no net gain or loss, and the active K—Na ex- 
change appears as a specific sodium transport. The total potential 
across the skin is therefore H = E, + £;. It should be em- 
phasized that this maximum potential is only reached when 
the anion permeability is practically zero and no current is 
drawn from the skin. The maximum potential thus represents 
the electromotive force of the active sodium transport, Ey,, 
Which was defined by Usstnc and ZRaHN (1951). Ry, defined 
in the same paper is composed of a sodium resistance and a potas- 
sium resistance in series. : 

For non-copper-treated skins in ordinary Ringer solution the 
simple Nernst equation cannot be used, as the movement of the 
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anions has to be taken into account. In the general case, the 
potential may be approximated by an expression:similar, to that 
which has been used by HopexKin and Karz (1949) for the mem- 
brane potential of the squid axon. The potential at the outside- 
facing border is then: 
= RT n (Cl), + (Na), 
F Pq, (Cl), + (Na), 

where P*y, and P*q are the permeabilities to the respective ions, 
(Na), and (Cl), are the cellular activities of sodium and chloride, 
while (Na), and (Cl), are the activities of sodium and chloride 
in the outside bathing solution. The potential at the inside- 
facing border is: 


where P'x is the permeability to potassium, and (K), and (K); 
are the activities of potassium in the cell and inside - bathing 
solution respectively. The total potential across the skin is then 
= + E’;. 

It should be mentioned that the constant cellular sodium 
level assumed in the above treatment is probably not always 
fully achieved. This is indirectly indicated by the fact that the 
sodium electrode behaviour over the whole concentration range 
from 1—100 mM sodium is seen only in skins from frogs in good 
condition. 

Since the cellular potassium is high, small changes in cellular 
potassium will not influence the potassium diffusion potential 
at the inward-facing membrane. Correspondingly, the potassium 
response of the inner membrane is not so dependant on the con- 
dition of the frog. 

It would be natural to identify the potassium-selective mem- 
brane with the inward-facing membrane of the stratum germi- 
nativum. The sodium-selective membrane is possibly the outward- 
facing membrane of the same cells, which seem to form the only 
continuous layer of living cells in the epithelium (Ussine 1948). 

Potential measurements by means of micropuncture have 
recently (ENGB2&K and Hosuiko 1957) shown the existence of the 
two predicted potential steps in skins bathed in sulphate 


Ringer. 
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Summary. 


1. The outside of the isolated frog skin in the absence of pene- 
trating anions behaves over a wide range of concentrations as a 
sodium electrode, while the inward-facing surface behaves like 
a potassium electrode. 

2. A theory concerning the origin of the frog skin potential 
is put forward based on these observations and the assumption 
that the active transport of sodium is located at the inward- 
facing membrane of the epithelial cells. 

3. Reasons are given for the hypothesis that the active transport 
of sodium in reality is a forced exchange of sodium against potas- 
sium. 
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Effect of Decentralisation on the Content of 
Catechol Amines in the Spleen and Kidney of 
the Cat. 


By 
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If the postganglionic sympathetic (adrenergic) fibres to an 
organ are sectioned and allowed to degenerate, the neurotrans- 
mitter content of the organ is greatly reduced or disappears 
(LissAk 1939; EULER 1946). As the postganglionic fibres regenerate 
and grow into the organ, the noradrenaline content gradually 
increases and may reach normal or nearly normal values (GOODALL 
1951; EvLER and PurKHOLD 1951). The content of adrenaline, 
on the other hand, is only insignificantly affected or is unchanged 
by postganglionic denervation, as observed by EULER and PuRK- 
HOLD (1951) and Goopa.t and KirsHNER (1956), indicating that 
the adrenaline probably is not derived from postganglionic nerves. 
The possible influence of preganglionic nerves on the catechol 
amine content of the postganglionic fibres, and thus of the organ, 
has been studied in the present work. 


Methods. 


Cats were used as experimental animals and anaesthetized with 
Nembutal 35 mg/kg/body weight intraperitoneally. The left 
splanchnic nerve was severed below the diaphragm through a 
dorsal approach and 5—10 mm of the nerve excised. After 3—14 
days the animals were killed by an intravenous injection of 
Nembutal and the spleen and the kidneys immediately removed. 
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Table I. 


Adrenaline and noradrenaline in the normal and decentralized spleen and 
kidneys of the cat. Mean and range, ug per g. 


Organ Number] Noradrenaline | Adrenaline Per cent 
of prep.| Adrenaline 
Spleen (normal) ..... 12 0.83 0.044 7.0 
(0.34—2.4) (0.006—0.10) (0.4—14.0) 
Spleen (decentralized 8 0.90 0.043 5.1 
by left side splanchnic- (0.31—2.0) (0.014—0.090) (2.0—8.6) 
otomy) 
Left kidney un- 9 0.27 0.040 9.4 
operated animal (0.14—0.67) (0.008—0.10) (2.0—19) 
Right kidney un- 6 0.28 0.042 13 
operated animal (0.15—0.55) (0.012—0.11) (4.4—18) 
Left kidney 7 0.39 0.047 12 
decentralized (0.22—0.68) (0.030—0.060) (5.6—19) 
Right kidney 7 0.33 0.047 12 
operated animal (0.24—0.44) (0.020—0.090) (5.6—27) 


The organs were minced and extracted with 2.5—5 % trichloro- 
acetic and the catechol amines adsorbed on aluminium oxide, 
eluted and estimated on the cat’s blood pressure and the chicken 
rectal caecum according to the technique described by EuLER 
and ORwEN (1955) and by Ever (1949). The adrenaline and 
noradrenaline figures are given as ug of the hydrochlorides per g 
fresh organ. Control estimations were made on spleens of unopera- 
ted animals and on the right kidney of the animals subjected to left- 
side splanchnicotomy. 


Results. 


The results are shown in Table I. The control figures for normal- 
ly innervated organs agree well with those obtained in previous 
investigations (EULER 1956). As seen in the table no significant 
difference is observed between the adrenaline and noradrenaline 
contents of the decentralized and the normal kidney, either’ in 
the same animal or in comparison with control animals. After left 
splanchnicotomy the content of adrenaline and noradrenaline in 
the spleen also was unchanged. 
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Discussion. 


The results have thus shown that in contradistinction to the 
effects obtained after postganglionic denervation of various organs 
there is no change in the catechol amine content after severance 
of their preganglionic nerves. This is true for the spleen and also 
for the left and the right kidney where direct comparisons can be 
made. In a few experiments, not included in the table, in which 
both splanchnic nerves had been cut, similar results were obtained 
for the spleen. The results indicate that since there was no dif- 
ference in the catechol amine content between the normal and the 
decentralized kidney, few if any postganglionic fibres run to the 
kidney through the splanchnic nerve. The experiments also show 
that the preganglionic fibres do not exert any functional influence 
on the content of noradrenaline in the postganglionic fibres. A 
change in the adrenaline content of the organs as a result of 
decentralization was not found and would hardly be expected 
since even postganglionic denervation does not cause disappear- 
ance of the adrenaline. It seems most probable that adrenaline 
present in the organs is not located in the postganglionic nerves 
but occurs in chromaffin cells, which are innervated by pregang- 
lionic fibres. It is known that denervation of the suprarenal gland 
is not followed by disappearance of the catechol amines in the 
gland. The demonstration that the postganglionic neurone retains 
its ability to produce catechol amines and to store them like the 
normally innervated postganglionic nerves, shows that the 
postganglionic neurone behaves in a way similar to that of the 
chromaffin cell. 


Summary. 


The adrenaline and noradrenaline content has been determined 
in the kidneys and in the spleen of the cat with and without 
preganglionic denervation, effected by splanchnicotomy on the 
left side. No significant difference was observed between the 
catechol amine values in the control organs and after decentraliza- 
tion. It is concluded that the preganglionic sympathetic fibres 
do not exert an influence on the noradrenaline content in the post- 
ganglionic nerve fibres nor on the adrenaline content of the organ. 
The postganglionic neurones are in this way similar to the chromaf- 

21—583010. Acta physiol. scand. Vol. 42. 
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fin cells. The results further suggest that the splanchnic nerve 


r 
does not supply postganglionic fibres to the spleen and _ the | 4 
kidney. 
This work has been supported by a grant from Karolinska Institutet, Stockholm, 
which is gratefully acknowledged. Part of this study was made in co-operation 
with J. Crafoord. 
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The Effect of Stimulation of Autonomic Areas 

in the Cerebral Cortex upon the Adrenaline 

and Noradrenaline Secretion from the Adrenal 
Gland in the Cat. 
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There is now considerable evidence to indicate that the adrenal 
medulla contains two types of cells, secreting predominantly 
adrenaline and noradrenaline respectively (HiLLARP and HOKFELT 
1953; ERANKG 1955). These two cell types can be engaged more or 
less separately in different reflex patterns, and also by stimulation 
of different hypothalamic areas (FoLKow and EuLER 1954). As 
to the control of these glands from cortical autonomic areas little 
is at present known, though it has been observed that stimulation 
of e. g. the anterior sigmoid gyrus and ventral parts of the cerebral 
cortex can affect the secretion of catechol amines (KENNARD 
1945; Ferauson et al. 1957). 

The present experiments were performed in order to find out 
whether also from cortical autonomic areas the two cell types 
of the adrenal medulla can be more or less separately influenced. 


Methods. 


The experiments were performed on cats, lightly anesthetized with 
a mixture of chloralose and urethane, seldom exceeding 20 mg + 40 mg 
per kg bodyweight, in order to maintain the highest possible excitability 
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of the cerebral cortex. For localized stimulation of cortical autonomic 
areas, bipolar electrodes, 5 mm apart and insulated except for the tips, 
were oriented in the desired positions with the aid of a Horsley-Clarke 
stereotaxic instrument, and the exact electrode position verified after 
the experiments. A Grass Stimulator model S4C, was used, and the 
stimulation frequency utilized was generally 60 impulses per second 
with a pulse duration of 5 milliseconds, squarewaves, and a voltage of 
3—5 volts. To avoid muscular movements and respiratory changes in 
connection with the stimulations, the animals were given deca- 
methonium intramuscularly in amounts sufficient to suppress move- 
ments. Before decamethonium was given, constant artificial respiration 
was started at a rate and depth, just sufficient to suppress spontaneous 
respiration. The animals were heparinized and the blood pressure was 
recorded from one of the femoral arteries. The collection of the adrenal 
venous blood followed the procedure used by BRAUNER et al. (1950). 
Blood samples of 3—4 ml were collected, kept on ice and centrifuged as 
soon as possible. The plasma was kept on ice or frozen until analyzed. 
The withdrawn blood was replaced by an intravenous drip of dextrane- 
Tyrode solution, kept in pace with the blood loss when the samples 
were collected. In most cases the vagal nerves were cut and atropine, 
0.3 mg/kg, was given in order to eliminate blood pressure effects due to 
activation of the vagal heart fibers or the sympathetic cholinergic 
vasodilator fibers. Any blood pressure response should therefore be 
practically only dependent on changes in the discharge of the vaso- 
constrictor fibers and the accelerans nerves to the heart. Often the 
common carotids were kept occluded throughout the experiments, 
partly in order to minimize reflex influences by way of baro- and 
chemoreceptors on the secretion from the adrenal medulla, partly to 
ensure a marked initial activity of the secretory nerves to the glands so 
that central inhibitory influences would be more evident. 

With the electrodes in position, one or two control samples of adrenal 
venous blood were taken for estimation of the prestimulatory secretion 
from the adrenal medulla. The cerebral cortex was then stimulated and 
the venous outflow from the adrenal gland collected during the stimula- 
tion period. After the end of the stimulation a new control sample 
was taken. Between each sample about one ml of blood was allowed to 
escape before the next sample was collected in order to wash out the 
short polyethylene tubing and the adrenal vein. — Usually two or 
three stimulations could be performed in each experiment, with a total 
of 6—9 samples taken. In some experiments the same cortical structure 
was repeatedly stimulated, in others the electrode position was shifted 
to new sites. 

The amounts of adrenaline and noradrenaline in the plasma samples 
were determined by biological assay, using the cat’s blood pressure and 
the chicken’s rectal coecum as tests, from which effects the relative 
proportions of the two catechol amines can be calculated (EULER 1949). 
All figures are given as ng (1 ng (nanogram) = 1 myg) per kg per min. 
in terms of the hydrochlorides of the amines. 
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nay MIN MEDIAL ORBITAL SURFACE 
BL PRESSURE STIM 


6007 724 j 


400+ *160 


SPONT. STIM NT. 


CATS 


Fig. 1. Left part: Cat Bd. Chloralose, decamethonium, artificial respiration. Carotids 

occluded, and vagi cut. Striped columns adrenaline, empty columns noradrenaline 

secretion from left suprarenal gland in myg (ng) per kg per min. “Stim.” denotes 

electrical stimulation of the medial orbital cortex. Blood pressure effect during 

stimulation marked on the figure. Right part: Effects of stimulation of the same 
area in Cat B3 during similar conditions. 


Results. 


In four out of eight experiments, where antero-medial parts of 
the ventral orbital surface of the cerebral cortex were stimulated, 
a reproducible selective decrease of the adrenaline secretion occurred 
(Fig. 1). This effect could hardly be secondary to reflexes, in- 
duced by the concomitant blood pressure changes, as sometimes 
the blood pressure rose on stimulation, sometimes it fell, while 
independently of this the adrenaline secretion diminished. In the 
four other cases there was a moderate decrease of the total catechol 
amine secretion with less significant shifts in the adrenaline and 
noradrenaline percentage. 

In six of eight experiments, where lateral parts of the ventral 
cortical surface were stimulated, a selective inhibition of the 
while the total amount of 


adrenaline secretion occurred too, 
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Fig. 2. Cat. 9. Chloralose, urethane. Carotids occluded. Striped columns adrenaline, 

empty columns noradrenaline secretion from left suprarenal gland in myg (ng) 

per kg per min. “Stim.” denotes electrical stimulation of the lateral orbital cortex 

as marked on the drawing. Blood pressure effect during stimulation marked on the 
figure. 


noradrenaline did not change appreciably (Fig. 2). Concomitantly 
the blood pressure generally fell 30—40 mm Hg. 
The effects on the secretion from the adrenal medulla were 


rather variable when the anterior sigmoid gyrus, or its efferent | 


projection in the internal capsule, were stimulated. While gener- 
ally a moderate blood pressure increase was obtained, the most 
usual response of the adrenal medulla was a slight reduction of 
the adrenaline percentage with only little change of the total 
catechol amine secretion or, in some cases, a moderate in- 
crease. In a few cases the adrenaline percentage increased 
slightly, while in one case, where the adrenal gland secreted 
practically only adrenaline, a markedly raised secretion was seen. 

A marked increase in both adrenaline and noradrenaline 


secretion was observed in one experiment with the stimulating 


electrodes in area perforata, 5—6 mm in front of the anterior 
border of hypothalamus (Fig. 3). 
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Fig. 3. Cat Bl. Chloralose. Carotids occluded and vagi cut. Striped columns adrenal- 

ine, empty columns noradrenaline secretion from left suprarenal gland in mug 

(ng) per kg per min. “Stim.” denotes electrical stimulation of the medial orbital 

cortex as marked on the drawing. Blood pressure effect during stimulation marked 
on the figure. 


Discussion. 


The present experiments indicate that autonomic areas in the 
cerebral cortex of the cat are able to influence the secretion of the 
adrenal medulla, especially the adrenaline discharge in addition 
to causing a number of other autonomic effects. The most distinct 
and easily reproducible effect was an inhibition of the adrenaline 
secretion that could be obtained on stimulation of ventral parts 
of the cortex. KENNARD (1945) observed that destruction of parts 
of the orbital surface of the cerebral cortex in cats resulted in an 
increased secretion of catechol amines, to judge from the response 
of the chronically denervated nictitating membrane, besides other 
phenomena indicating increased sympathetic activity. Therefore, 
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it seems as if this area normally exerts an inhibitory influence on 
lower sympathetic centers, e. g. the hypothalamus, to which the 
fibers from these autonomic areas are known to project (WALL 
and Davis 1951). The fact that direct stimulation of these cortical 
areas can induce a selective inhibition of the adrenaline secretion 
from the adrenal medulla, generally combined with an inhibition 
of sympathetic vasoconstrictor activity, is in agreement with 
KENNARD’s observations. It should then be noted that the 
noradrenaline secretion generally was very little affected. 

It is also of interest that the blood pressure fall induced by 
heating the carotid blood in the cat can be prevented by stimula- 
tion of a certain area of the orbital cortex even when the stimulus 
did not affect the blood pressure by itself (NEWMAN and WoLSTEN- 
CROFT 1956). 

The effects of stimulation of the anterior sigmoid gyrus on the 
catechol amine secretion was more variable and difficult to inter- 
pret. This autonomic area is known to contain both excitatory and 
inhibitory fibers, able to influence the activity of subordinated 
sympathetic centers in both directions (FoLKow 1955). It might 
be that the anaesthesia influences the excitability of these cortical 
autonomic neurons to a great extent, and therefore affects the net 
response of subordinated sympathetic centers, when both sets 
of cortical neurons are simultaneously exposed to artificial 
stimulation. The more superficial the anaesthesia can be main- 
tained, the more marked the pressor responses from this area 
generally are, while they may change to a depressor response when 
the anaesthesia is made deeper. It is therefore not impossible that 
distinct increases of the catechol amine secretion may be obtained 
if, for instance, it were possible to perform experiments of this 
type on unanaesthetized animals. The result obtained in cat BI, 
illustrated in Fig. 3, suggests that excitatory effects can be obtained 
also from the orbital cortex, however. The inhibitory response 
obtained on stimulation of the ventral surface of the cerebral 
cortex seem to be more consistent and independent of minor 
shifts in the level of anaesthesia which is in agreement with 
KENNARD’s observations on awake animals. 

Nevertheless, the present experiments indicate that the activity 
of the nerve fibers to the adrenal medulla can be influenced in 
both directions from the highest autonomic centers in the cerebral 
cortex, with possibilities of more or less selective influences on 
predominantly the adrenaline-secreting cells. Especially the 
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selective inhibition of the adrenaline secretion, obtained from 
ventral parts of the cortex, may here be of interest. While the 
adrenal medullary secretion normally appears to be of only minor 
importance for the “vasomotor” control of autonomic effector 
cells, when activated electrically at low stimulation rates 
(CELANDER 1954), effects may occur in other fields. Adrenaline, 
for instance, profoundly influences certain metabolic events in 
liver and skeletal muscle cells, which lack a direct sympathetic 
innervation. Furthermore, it seems to have a definite arousal 
effect on the central nervous system, and its mental effects are 
well known. The fact that secretion of adrenaline can be selectively 
influenced in both directions also from the highest levels of the 
central nervous system might therefore be of special interest. 


Summary. 


On stimulation of autonomic areas of the cerebral cortex selective 
changes in the adrenaline secretion from the adrenal medulla can 
be obtained. Most consistently an inhibition of the adrenaline 
secretion is obtained on stimulation of structures in ventral parts 
of the cerebral cortex, while the noradrenaline secretion is only 
little affected. 


This work was supported by a grant from Gustav och Tyra Svenssons Minne 
which is gratefully acknowledged. 
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The results obtained in previous studies suggested that ATP" 
plays an important role in the storage and release of the catechol 
amines (adrenaline and noradrenaline) in the adrenal medulla. 
The experiments in the present work were performed to get fur- 
ther information concerning the content of ATP and other phos- 
phates in the specific medullary granules. 


Material and Methods. 


Isolation of the medullary granules: Unfractionated granules 
from cow medulla were isolated by the method described in a 
previous paper (HILLARP 1958 a). 

To prepare pure specific granules the following method was used. 
In each of six 4 ml nylon tubes (fitting to the swing-out head of 
the MSE superspeed ‘20’ refrigerated centrifuge) 1.0 ml of 1.5 M 
sucrose was layered above 2.0 ml of 1.8 M sucrose. After 2 hours 
0.5 ml of unfractionated granules (suspended in 0.3 M sucrose) was 
layered on the top of the sucrose gradient in each tube. After 

1 The following abbreviations are used: ATP, adenosinetriphosphate; ADP, 


adenosinediphosphate; AMP, adenosine-5-phosphate; PCA, perchloric acid; Po, 
inorganic P: Pg, acid-labile P; Pr, total P. 
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another hour the tubes were centrifuged for 90 minutes at 21,000 
r.p.m. All operations were performed at +4°. The sediment ob- 
tained by this centrifugation contains specific granules practically 
without any mitochondria or microsomes (HILLARP 1958 b). 

Extraction procedure: The granules were — when not otherwise 
stated — extracted with cold 0.4 N PCA. After centrifugation, 
the sediment was reextracted once. The combined extracts were 
immediately neutralized at 0° C. with KOH to about pH 6.5. 
After 2—3 hours at —6° the precipitated K-perchlorate was spun 
down and washed with a small volume of cold water, which was 
added to the extract. The extract was made to a volume of 10.0 
ml with water and P-determinations and ion exchange chromatog- 
raphy were immediately performed. 

Determination of P: Inorganic P (P,), acid-labile P (P,) (hy- 
drolysis in N HCl for 8 minutes at +100°) and total P (Py) were 
determined by the Fiske-Subbarow procedure (see LePacE 1951). 

Inorganic P was also determined by the method of Lowry and 
LoprEz (1946). The correct final pH was obtained by adding a 
M HAc-NaAc buffer (pH 4) to aliquots of the granule extracts. 

Determination of catechol amines: The total amount of adrenaline 
+ noradrenaline was determined colorimetrically according to 
EuLer and HamBere (1949). As the granule fractions contain 
noradrenaline to about 30 per cent of the total pressor amines, a 
molecular weight of 179 was used in the calculations of the total 
catechol amine content of the extracts. 

Duplicate determinations of both P and amines were made in 
all experiments. 

Determination of protein-N: This was done according to the 
biuret method of CLELAND and SLATER (1953). 

Ion exchange chromatography: An aliquot of the extract was 
passed through a cation exchange column (Dowex 50, 150—300 
mesh, 20 x 8 mm) previously equilibrated with M NaAc-HAc buffer 
of pH 4 or 6. In this form the exchanger permits AMP to pass 
through quantitatively but retains the catechol amines. The 
column was washed with water. The combined effluents were 
brought to pH 8 by means of H,NOH and then passed through 
an anion exchange column (Dowex 21, chloride form, 200—400 
mesh, 216 mm). The columns had previously been extensively 
washed alternatively with N HCl and N NaOH, thus reducing the 
ultraviolet absorption background of the chromatograms. The 
adenosinephosphates were eluted in 10 ml fractions (at the rate 
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of 0.2 ml/min.) according to Conn (1951) (see Fig. 1). In some ex- 
periments the modification of this method by Drutscu and 
Nitsson (1953) was used. To obtain larger quantities of ADP and 
AMP chromatographies were made on larger columns. 

The ultraviolet absorption of the various fractions was read in 
a Beckman spectrophotometer, model DU with the eluents as 
blanks. The following molecular extinction coefficients (at 260 
mu; pH 2) were used: 14,300 (ATP), 14,500 (ADP) and 14,600 
(AMP) (Bock, Line, Moretti and Lipton, 1956). 

Paper chromatography: The granule extract was passed through 
the cation exchange column (pH 6). The effluent was brought to 
pH 7 with NaOH and then evaporated to a small volume in vacuo 
at 0°. This solution was used to make ascending single dimensional 
chromatograms using systems I to III as described in Circular OR- 
10 (1956) from the Pabst Laboratories. The ultraviolet absorb- 
ing substances were located by making a contact print by ultra- 
violet light (Philips TUV, 15 W lamp). 

Reference substances: Crystalline Na,H, ATP.4 H,O, NaH, 
ADP.2 H,O and AMP.2 H,O from the Pabst Laboratories were 
used. Their concentration in the solutions used as standards was 
checked by determinations of ultraviolet absorption and P. Pure 
ATP (free from ADP and AMP) was isolated by ion exchange 
chromatography. The crystalline |-adrenaline used was a commer- 
cial preparation. It had the same ultraviolet absorption spectrum 
and molecular extinction coefficient (at 280 my; pH 1) as pure 
l-noradrenaline-HCl and l-adrenaline (obtained from Pharmacia, 


Uppsala). 


Results. 
I. Organic phosphates. 


The unfractionated medullary granules obtained by centrifu- 
gation with the technique used in this work have a higher content 
of catechol amines (Table I:A) than found earlier, owing to the 
fact that they are only to a minor degree contaminated by other 
cell particles and by damaged granules (see HiLLarP 1958 b). 
This granule fraction contains — besides ATP — smaller amounts 
of ADP and AMP identified by ion exchange chromatography, 
ultraviolet absorption, paper chromatography and by determina- 
tion of the molar ratios pentose: P,: Py. Table I:A shows that 
ATP and ADP represent about 95 per cent of the acid-labile 
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Table I. 


Content of phosphates and catechol amines in unfractionated medullary 

granules (A) and in granules isolated by density gradient centrifugation 

(B). The values for sheep medullary granules (C) were obtained in experi- 

ments performed in a previous work (CARLSSON, HiLLarp and HOKFELT 

1957). — In experiment B:1 the granules were extracted with a M NaAc- 

HAc buffer (pH 4) and in experiment B:2 whith a 70 per cent solution 
of ethanol. In all other cases the extractions were made with PCA. 


Exp. pmole per 1.0 wmole catechol amines pmoles 
catechol 
ATP | ADP | AMP | P, P, Pr amines 
per 
Ob- |Calcu-|Ob- | Calcu-| ™8 
served] lated | served] lated 
te eae = 0.205 | 0.030 | 0.0081 | 0.049 | 0.462 | 0.440 | 0.760 | 0.732 | 24.1 
. ae. 0.211 | 0.021 | 0.0076 | 0.051 | 0.471 | 0.443 | 0.788 | 0.734 22.4 
-: nearer 0.216 | 0.023 | 0.0072 | 0.040 | 0.480 | 0.455 | 0.755 | 0.741 26.6 
Mean 0.211 | 0.025 | 0.0076 | 0.047 | 0.471 | 0.446 | 0.768 | 9.736 24.3 
ae 0.230 | 0.027 | 0.0090 | 0.048 | 0.497 | 0.487 35.4 
Pe. 0.218 | 0.026 | 0.0079 | 0.051 | 0.485 | 0.462 31.6 
-: ae 0.215 | 0.024 | 0.0072 | 0.034 | 0.479 | 0.454 36.6 
eee 0.036 | 0.497 33.4 
Mean 0.221 | 0.026 | 0.0080 | 0.042 | 0.487 | 0.468 34.3 
C Sheep 1] 0.212] 0.024, — 
Sheep 2} 0.196} 0.019} 0.005 


phosphate and that the values found for Py are in good agree- 
ment with the calculated values. There are thus practically no 
other acid soluble organic phosphates than ATP, ADP and AMP 
in the granules. At ion exchange chromatography, according to 
DevutscH and NILsson (1953) a small fraction is eluted between 
the ADP- and ATP-fractions (see Fig. 2 in Fatcx, HILLarP and 
H6eBerG, 1956). This fraction, as yet unidentified, contains only 
a few per cent of the total P,, however. 

The granule fraction isolated by density gradient centrifugation 
seems almost exclusively to consist of the specific amine contain- 
ing granules (HILLARP 1958 b). This fraction has a very high con- 
tent of catechol amines (about 34 wmoles/mg N; Table I:B). 

As the ADP and AMP found in the experiments described above 
may be artifacts produced by an ATP-breakdown during the ex- 
traction and determination procedures, the granules. and their 
extracts used in the experiments recorded in Table I:B were 
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Fig. 1. Ion exchanged chromatography (according to Conn 1951) in experiment 

B:1 (Table I). The specific granules were extracted with M NaAc-HAc buffer of 

pH 4. Before the chromatography the extract was passed through a cation exchang- 
er (pH 6). 


treated with the utmost care in order to prevent such a break- 
down. In experiment 1 the granules were extracted in the cold 
with a M NaAc-HAc buffer (pH 4) and in experiment 2 with 70 
per cent ethanol. The ATPase of the granules is completely inhib- 
ited by alcohol of this concentration, and at pH 4 and 0° it gives 
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Figs. 2 and 3. Ultraviolet absorption spectra obtained in experiment B:1 (Table 

I) Fig. 2: The compounds not taken up by the cation exchanger (pH 6) have in 

0.1 N HCl (x—~) practically the same spectrum as pure ATP (O—(). Fig. 3: The 

compounds retained by the cation exchanger (eluted with N HCl) (x—x) show the 
same spectrum as adrenaline (O—(). 


no measurable dephosphorylation of ATP during one hour. In 
control experiments pure ATP (free from ADP and AMP) was 
dissolved together with a corresponding amount of adrenaline in 
the acetate buffer or in 0.4 N PCA and the solutions were treated 
in exactly the same way as the granule extracts. Ion exchange 
chromatography showed that no ATP-breakdown occurred during 
the procedures used. 

As seen from Table I:B the granules isolated by density gradient 
centrifugation have about the same content of ADP and AMP 
(per umole amines) as the unfractionated granules in spite of the 
precautions taken. Their ATP- and P,-contents seem to be a little 
higher but this may not be significant. As for the unfractionated 
granules, the P, calculated from the ATP- and ADP-contents is 
about 95 per cent of the P, determined directly. Fig. 1 shows the 
result of the anion exchange chromatography performed in experi- 
ment B:1. 

The fact that the granules isolated by density gradient centri- 
fugation have the same content of ADP and AMP per umole 
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amines as unfractionated granules excludes the possibility that these 
phosphates are localized in mitochondria, which are known to 
contain adenosinephosphates (see e.g. SIEKEVITZ and PoTTER 
1955). The unfractionated granules are to some extent contami- 
nated by mitochondria, but by centrifugation in a gradient tube 
such as used in the present work a practically complete separation 
of the specific granules from the mitochondria is obtained (Hit- 
LARP 1958 b). 

The ultraviolet absorption spectra of the extracts were taken 
(at pH 1 and 6) before and after the extracts had passed through 
the cation exchange column. The spectra had quantitatively and 
qualitatively the same appearance as those of solutions containing 
the calculated amounts of adrenaline and/or adenosinephos- 
phates (Fig. 2). The substances taken up by the cation exchanger 
were eluted with N HCl. The ultraviolet spectrum of the eluted 
fraction was identical with that of adrenaline (Fig. 3). Determina- 
tions of the catechol amine content by this method were in good 
agreement with the colorimetrical determinations. Calculations 
based on the data obtained from the ultraviolet absorption meas- 
urements showed that only small amounts of adenine, adenosine 
or other basic substances, that have strong absorbancy in the 
ultraviolet region and that may be taken up by the cation exchang- 
er at pH 4 or 6, could have been present in the extracts. Only 
small amounts of ultraviolet absorbing compounds other than 
ATP, ADP and AMP were found by paper chromatography of the 


substances not taken up by the cation exchange column. 


II. Inorganic phosphate. 


The medullary granules have a small but rather constant amount 
of inorganic phosphate which is not removed by repeated washings 
of the granules (Fatck, HitLarp and HécBEeRG 1956). In a large 
number of experiments (not recorded in the Tables) with washed 
granules isolated by different techniques the granules have al- 
ways been found to contain about 0.04 umole P, per umole 
catechol amines. 

That the inorganic phosphate fraction does not originate from 
an ATP-breakdown caused by the extraction procedure is clearly 
seen from the experiments in Table I:B and the control experi- 
ments described in the previous section. To exclude the possibility 
that this fraction is an artifact produced from very labile phos- 

22 —583010. Acta physiol. scand. Vol. 42. 
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Fig. 4. Release of catechol amines and the ratio Po: amines in unfractionated gran- 
ules suspended in 0.15 M (x—~x) or 0.2 M KCl (O—O) and incubated at +30°. 


phate esters split during the P-determinations according to Fiske- 
Subbarow, the method of Lowry and Lopgz (1946) was used 
in the experiments recorded in Table I:B. Both methods gave, 
however, about the same P, values and the Lowry-Lopez meth- 
od did not indicate the presence of such phosphate esters. 

Table I shows that the granules isolated by density gradient 
centrifugation have about the same P, content per wmole catechol 
amines as unfractionated granules. This indicates that this phos- 
phate belongs to the specific granules and not to contaminating 
cell particles. Other observations give a high probability to this 
view. If granules (suspended in 0.3 M sucrose) are kept at -+4°. 
there is no or only a small release of catechol amines for periods 
up to 96 hours. During this time the ratio P, : amines is unchanged 
(Fatck, Hittarp and Hécsere 1956). If, on the other hand, the 
granules are kept at +30° to 37°, the amines are slowly released. 
The ratio is practically the same during the incubation, however, 
in spite of the fact that the amine content of the granules is con- 
tinuously decreased. Fig. 4 shows two such experiments where 
unfractionated granules were suspended in 0.15 and 0.2 M KCI, 
respectively, and incubated at +30°. (The initial increase of the 
P, fraction and the amine release in electrolyte media will be 
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discussed in a forthcoming paper.) It seems rather improbable that 
the ratio P, : amines would have such a remarkable constancy 
if the inorganic phosphate were not really localized in the amine 
storing granules. 


Discussion. 


The experiments described above give good evidence for the 
view that the specific granules of the cow medulla, after their iso- 
lation in sucrose media, contain besides catechol amines and 
ATP — small amounts of ADP, AMP and inorganic phosphate. As 
it is not known whether these phosphates are present in the granules 
of the living cell, it might be argued that they are merely split 
products from ATP, which may have broken down before the 
extraction took place. Two facts speak against this view, however. 
Firstly, the data in Table I show that the ratio catechol amines: 
ADP (or AMP) is rather constant and seems to be in good agree- 
ment with the ratio found in sheep (Table I:C). In the latter experi- 
ments the time interval between the death of the animals and the 
extractions of the granules was considerably shorter than this in- 
terval in the present work. Secondly, the intragranular ADP, 
AMP and inorganic phosphate are not removed from the granules 
by repeated washings and the ratios catechol amines : P, : P, are 
quite constant in granules kept during several days at +-4°. 

The experiments show that ATP, ADP and AMP represent at 
least about 95 per cent of the acid-soluble organic phosphates in 
the specific granules and that — from a quantitative point of 
view — only insignificant amounts of ultraviolet absorbing sub- 
stances other than the catechol amines and adenosinephosphates 
are found in the granules. It is not excluded, however, that there 
are small quantities of other 5’-ribonucleotides, adenine and 
adenosine. 

It is not known in what way the large amounts of catechol 
amines are stored in the granules. To elucidate this problem it 
seems necessary to have reliable quantitative data concerning the 
chemical composition of the granules. As it has as yet not been pos- 
sible to make reliable wet and dry weight determinations on 
granules isolated by density gradient centrifugation, only relative 
values are available for pure granules. The unfractionated gran- 
ules, which are contaminated by damaged granules and to some 
extent by other cell particles, have been studied in more detail, 
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however and 1954 a, and HILLarp 
1958). The granules have the following composition expressed in 
per cent of wet and dry weight: water 70, catechol amines 5.8 
(19.1), proteins 9.8 (32.2), lipids (mainly phospholipids) about 24 
(per cent of dry weight) and adenosinephosphates 3.9 (13.0) (cal- 
culated from the data in Table I above). The proteins, lipids, 
amines and phosphates thus represent almost 90 per cent of the 
total solids of the granules. Calculations made from the above data 
show that the concentrations of amines and adenosinephosphates 
are at least 0.46 M and 0.11 M, respectively, if the substances are 
stored in the granules in aqueous solution. The concentrations 
must in fact be considerably higher, as the values determined for 
the water content include water that is not localized in the specific 
granules (extragranular water and water in other particles). If 
the amines and phosphates are present as ions in true solution, the 
osmolar concentration within the granules thus must be above 0.6 
M. This does not seem reasonable, however, as the granules, on 
the one hand, are quite stable in 0.25 M sucrose and, on the other 
hand, are readily ruptured by lowering the sucrose concentration 
(Hittarpe and Nitsson 1954 b). The osmotic properties of the 
granules and the amine content found in them make it necessary 
to assume that the amines are incorporated in a complex molec- 
ular structure preventing them to form free ions or molecules 
in the intragranular water. 

There are other important clues to the problem of the amine 
storage. The data in Table I:B show the molar ratio amines: ATP 
to be 4.5: 1, which is somewhat higher than the value for equivalent 
amounts of base and acid. It is of interest, however, that the sum 
of adenosinephosphates and inorganic phosphate represents an 
amount of acid almost exactly equivalent to the amines at pH 7. 
This may be calculateu on the basis of the average net ionic charge 
of the phosphates (ALBERTY, SmiTH and Bock 1951) and of the 
catechol amines (LEwis 1954) at this pH. If it is assumed that 
the intragranular ADP, AMP and inorganic phosphate are split 
products from ATP, the real ratio amines: ATP would be 3.9: 1, 
which corresponds to equivalent amounts (the calculated ratio 
at pH 7 is 3.8:1). The result is thus the same whether these phos- 
phates are thought to be artifacts or not. 

1 BLASCHKO, Born, D’ror1o and Eabe (1956) have made similar studies. For un- 
known reasons the content of amines and ATP in the granules used by them showed 


a high variability and the values were considerably lower than those obtained in 
the present work. It is thus difficult to use their results in the above discussion. 
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The calculations made above suggest that the catechol amines 
are stored in intimate connection to the adenosinephosphates. 
This view is strongly supported by other observations (HILLARP 
1958 a, CARLSSON and Hitiarp 1958). It therefore seems probable 
that the amines and the phosphates are incorporated together in 
the intragranular molecular structure postulated above. In all 
probability this structure must contain at least a third element. 
From this point of view it is of interest that the granules have a 
puzzling protein constitution. Within the granules there is a water- 
soluble protein fraction which is released together with the amines 
and phosphates when the granules are damaged. It contains one 
main component having an isoelectric point at about pH 4 (Héc- 
BERG and Hitiarp 1957). In pure granules it constitutes not less 
than 77—78 per cent of the total granule proteins (HILLARP 1958 b). 
The large amounts of such proteins is a peculiarity that in itself 
may suggest a role of the proteins in the amine storage. There is 
at present no information, however, that can elucidate how large 
amounts of catechol amines and adenosinephosphates may be 
held together by the intragranular proteins. 


Summary. 


1. The catechol amine containing granules of the cow adrenal 
medulla have been isolated as a fraction of high purity by density 
gradient centrifugation. They have a very high content of amines 
(34.3 protein-N) and ATP (7.6 wmoles). Smaller 
amounts of ADP (0.89 wmoles), AMP (0.27 wmoles) and inorganic 
phosphate (1.45 mmoles) are also present. The adenosinephos- 
phates represent at least 95 per cent of the acid soluble organic 
phosphates in the granules. 

2. The molar ratio amines: ATP is 4.5: 1 or 3.9: 1, ifthe ADP and 
AMP in the granules are assumed to be split products from ATP. 
The sum of adenosinephosphates and inorganic phosphate repre- 
sents an amount of acid equivalent to the catechol amines. This 
suggests that the amines are stored in intimate relation to the 
phosphates. 

3. The osmotic properties of the granules and the amine con- 
tent found in them make it necessary to assume that the amines 
are incorporated, together with the adenosinephosphates, in a 
complex molecular structure which prevents them from forming 
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free ions or molecules in the intragranular water. The presence of 
large amounts of water soluble proteins (77—78 per cent of the 
total proteins) within the granules suggests that these proteins 
are a component in the postulated structure. 


Aided by a grant from Statens Medicinska Forskningsrad. 
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The often abundant supply of adrenergic nerve fibres to the 
vascular smooth muscle suggests that considerable amounts of 
the transmitter substance is to be found in this tissue. In a vascular 
organ like the spleen the noradrenaline content is higher than 
in any other organ except the suprarenals, and may exceed 3 ug 
per g of fresh tissue (EULER 1956). In the lung, however, the 
content of noradrenaline is low, less than 0.1 ug per g, indicating 
that the average adrenergic nerve supply to the vessels is very 
much smaller than in the spleen. In the placenta, which lacks 
adrenergic nerves no noradrenaline has been found. 

ScHMITERLOW (1948) studied the catechol amine content of 
various kinds of vessels, chiefly from cow and horse. From his 
experiments it was evident that noradrenaline was present in 
considerable quantities in arteries as well as in veins. He was 
also able to show that a close correlation existed between the 
distribution of nerve fibres and the noradrenaline content in the 
different strata of the vascular wall. 

It was felt that further studies on the catechol amines in the 
vascular wall would be of interest, not only with regard to their 
distribution in various organs, but also with a view to analyzing 
their nature more in detail. The present report deals with the 
presence of noradrenaline and its congeners chiefly in splenic and 


lung vessels. 
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Method. 


Bovine splenic arteries and veins were obtained fresh from the 
slaughter-house and dissected free from visible nerves and adjacent 
tissue. Usually 4—5 trunks were used for each preparation. Beef lung 
vessels were prepared in a similar way, the vessels being dissected free 
from lung tissue down to a diameter of about 2 mm. These are designated 
as “large’’ vessels. 

Lung vessels were also prepared from nembutalized dogs immediately 
after death by intravenously injected air. In addition a number of other 
vessels were prepared from dogs. 

The extracts were prepared by cutting the vessels in small pieces 
and mincing in a Waring blendor with 5 volumes of 5 per cent trichloro- 
acetic acid. The filtrate was adsorbed on activated aluminium oxide, 1 g 
for each 10 g of organ. After adsorption at pH 8.5 the aluminium oxide 
was eluted with 0.25 N-sulphuric acid, 5 ml per g of aluminium oxide 
(EULER and OrweEN 1955). 

The eluates were assayed biologically on the cat’s blood pressure and 
on the chicken rectal caecum according to EuLEeR (1949), allowing 
differential estimation of adrenaline and noradrenaline. The dog 
vessel extracts were tested only on the cat’s blood pressure against 
noradrenaline as standard. All figures of the amines are given in terms 
of ug/g of the hydrochlorides. No correction has been made for the loss 
of 25—30 per cent during the adsorption-elution and the chromato- 
graphic procedures. 

Pooled eluates from adsorbed extracts of lung vessels and of splenic 
vessels were subjected to chromatography on a starch column, using 
n-butanol-1N-hydrochloric acid-acetic acid as solvent. The catechol 
compounds were estimated fluorimetrically after condensation with 
ethylene diamine according to Evier and LisnasKo (1957). The 
amounts of dihydroxypheny] acetic acid (DOPAC), dihydroxymandelic 
acid (DOMA), dopamine and noradrenaline were calculated from the 
fluorescence values of the authentic substances (DOPAC and DOMA 
were kindly placed at our disposal by Dr. R. Dantzom, Astra Ltd, 
Sédertiilje, and by Dr. M. D. Armstrong, Salt Lake City). The identity 
of the substances was tested by biological assay and by paper chromato- 
graphy after evaporation of aliquots of the fractions. 


Results. 
Bovine splenic arteries and veins. 
The adrenaline and noradrenaline content of bovine splenic 
vessels is given in Table I. 
From the table it is seen that the arteries and the veins contain 


similar amounts of noradrenaline per g of tissue while the adren- 
aline amount is higher in the arteries. This difference may be 
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differ much from that in the splenic vessels. No difference was 


IN THE VASCULAR WALL. 


CATECHOL AMINES 


Table I. 


Noradrenaline and adrenaline content of bovine 
splenic vessels in pg per 4. 


Vessels Noradrenaline | Adrenaline % 
/g adr. 
Arteries... 0.34 0.057 14 
0.33 0.045 13 
» eB 0.42 0.031 6.9 
Average (0.36) (0.044) (11) 
Veins ..... 0.27 0.019 6.7 
oe 0.40 0.011 2.7 
errs 0.40 0.012 3.0 
Average (0.36) (0.014) (4.2) 


ascribed to the presence of different amounts of chromaffin cells 
in the arterial and venous wall, since there is no evidence for the 
occurrence of adrenaline in the adrenergic axones proper. More- 
over, it appears highly unlikely that adrenergic neurones in 
arteries and veins should contain different proportions of adrena- 
line. 


Bovine lung arteries and veins. 


The results of analysis of extracts of “‘large’’ bovine lung vessels 
are given in Table II. 


Table II. 


Noradrenaline and adrenaline content of “large” 
bovine lung vessels in ug per q. 


Vessels Noradrenaline | Adrenaline % 
peg/g peg/g adr. 
| 
Arteries... 0.42 (0.028 6.2 
» ewte 0.34 0.022 6.3 
eee 0.29 0.012 4.1 
Average (0.35) (0.020) (5.5) 
0.32 0.019 5.6 
0.24 0.19 4.2 
0.24 0.010 3.9 
Average (0.27) (0.016) (5.6) 


The noradrenaline content in the “‘large’’ lung vessels does not 
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found in the adrenaline content of the arteries and the veins of cel 
the lungs. me 
col 
Dog lung arteries and veins. do 
Table III shows the noradrenaline and adrenaline content of Ir 
dog’s lung vessels. 
she 
Table III. 
Noradrenaline and adrenaline content of dog’s lung vessels 
im 
Vessels Noradrenaline | Adrenaline % } 
adr. 
0.77 0.0074 0.97 
y 0.49 0.029 5.5 
Average (0.63) (0.018) (3.2 
0.39 0.015 3.6 
0.49 0.029 5.5 
Average (0.44) (0.022) (4.6) } 
Arteries + veins 0.59 0.020 3.3 i 
Various dog vessels. 
Table IV gives the catechol amine content of various vessels 
from the dog. lars 
sho 
Table IY. 
Noradrenaline in various vessels 
eT 
from dog in yg/q. 
ind 
Vessel Noradrenaline Th 
rep 
tha 
Femoral artery .......... 0.73 blo 
Mesenteric artery ........ 0.51 P 
0.45 
Mesenteric vein ......... | 0.42 con 
fro} 
Chromatographic analysis of extracts of bovine splenic and lung } 4 4 
vessels. con 
Arteries and veins from beef splenic stalks and from lungs were | ind 
collected as described in the previous section and the trichloroacetic | hav 


extracts adsorbed on aluminium oxide. The eluates were con- | 1s 1 
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CATECHOL AMINES IN THE VASCULAR WALL. 


centrated and salts precipitated with methanol. The concentrated 
methanol extracts were subjected to chromatography on a starch 
column. Fig. 1 and 2 show the amounts of DOPAC, DOMA, 
dopamine .and noradrenaline in the different fractions, calculated 
from the fluorimetric values of aliquots of the fractions. 

The total amounts calculated from the fluorescence values are 
shown in Table V. 


Table V. 
Total catechols in eluates from alumina-adsorbed 
extracts of splenic and lung vessels calculated 
from fluorescence values in chromatogram fractions. 


Catechol Splenic vessels | Lung vessels 
0.28 0.13 
Dopamine ........ 0.29 0.17 
Noradrenaline ..... 0.24 0.24 
Discussion. 


The results of the estimations of catechol amines in splenic and 
large lung vessels from beef and various vessels from dog have 
shown that the noradrenaline content is of the same order of 
magnitude. It is also noteworthy that arteries and veins contain 
very much the same amounts per unit weight which strongly 
indicates an important adrenergic nerve supply also to the veins. 
The figures are in good general agreement with those previously 
reported by ScHMITERLOW (1948) when it is taken into account 
that his figures are given in adrenaline equivalents on the cat’s 
blood pressure, and therefore have to be divided by 2—3 in order 
to obtain the true noradrenaline figures. 

The noradrenaline figures in the “‘large’’ lung vessels are of 
considerable interest when compared with the values obtained 
from extracts of whole lung tissue. In the latter extracts (EULER 
and LisHasko 1957) the noradrenaline content was very low, from 
0.01 to 0.04 ug per g. The remarkable difference in noradrenaline 
content between the isolated larger vessels and the lung tissue 
indicates that the smaller lung vessels (arterioles and venules) 
have a relatively poor adrenergic vasomotor nerve supply. This 
is in contrast to the vascular nerve supply in other organs and 
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CATECHOLS IN LUNG VESSELS 
DOPAC (DOMA DOPAMINE NORADR. 
AY 
V WW) 
“|W OW 
WW 
WH AN, AN 


5 10 15 20 25 
FRACTION NUMBER 


Fig. 1. Chromatogram of extract of bovine lung vessels adsorbed on alumina and 

eluted with sulphuric acid. Dihydroxyphenylacetic acid (DOPAC), dihydroxyman- 

delice acid (DOMA), dopamine and noradrenaline in myg per g tissue in different 
fractions. 


strongly suggests that the width of the small lung vessels, being 
the most important in determining the peripheral vascular re- 
sistance, is regulated by other mechanisms, as is the case also 
for the placenta vessels. It may be noted in this connection that 
breathing of gas mixtures poor in oxygen or rich in carbon dioxide 
causes vasoconstriction and rise in pulmonary blood pressure, as 
shown by Ever and Litsjestranp (1946) for the cat, and by 
CouRNAND (1947) for man. On the other hand the reduction of 
up to 30 per cent of the blood flow in the perfused lung of the 
dog at constant pressure inflow during stimulation of the upper 
thoracic sympathetic outflow (Daty et al. 1952) may be explained 
by the action of vasomotor nerves on the larger lung vessels. 
Similarly it may be assumed that reflex vasoconstriction in 
the lung (Av1apo, Line and Scumipt 1957) is mainly confined to the 
larger vessels and therefore presumably only of a moderate degree. 
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CATECHOLS IN SPLENIC VESSELS 
DOPAC DOMA DOPAMINE NORADR. 
1604 
1407 
100- 
80- 
604 
407 
4 
20 
1 5 10 20 25 
FRACTION NUMBER 
Fig. 2. Chromatogram of extract of bovine splenic vessels adsorbed on alumina 


ind eluted with sulphuric acid. Dihydroxyphenylacetic acid (DOPAC), dihydroxy- 
mandelic acid (DOMA), dopamine and noradrenaline in myg per g tissue in different 
fractions. 


It was shown in a previous paper (EULER and LisHasKo 1957) 
that the amounts of dopamine were high in extracts of bovine 
lung tissue and bronchi, while the noradrenaline figures were 
very low. In the large vessels of the lung, however, the noradrenal- 
ine amounts are about as high as those of dopamine, as in the 
splenic vessels. This marked difference in the distribution of 
dopamine and noradrenaline in the large pulmonary vessels and 
in the lung tissue is not observed between splenic vessels and 
splenic tissue, which both show a distribution similar to that in 
adrenergic nerves. These results give further support to the 
assumption that the dopamine in lung tissue is not contained in 
the adrenergic nerves, as the proportion of catechol compounds 
should not be expected to vary considerably between adrenergic 
neurones in different organs. 

While the proportion of adrenaline in the extracts of splenic 
arteries was higher than that in the veins, no such difference was 
noted between the arteries and veins of the bovine lung. As pointed 
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out by ScHMITERLOW (1948) who found relatively high amounts 
of adrenaline in extracts of renal arteries, this may be due to 
groups of chromaffin cells rich in adrenaline, since such cells are 
known to be present along the aorta and abdominal arteries. It 
appears not unlikely that the higher amount of adrenaline in the 
splenic arteries is due to the same cause. 

The presence of DOPAC and DOMA in extracts of splenic and 
pulmonary vessels is probably an indication that some of the 
transmitter and its precursor dopamine are metabolized by amine 
oxidase which is known to occur in adrenergic nerves (Ho.tz 
and WESTERMANN 1956). 


Summary. 


1. Bovine splenic arteries and veins contain about 0.3—0.4 ug 
noradrenaline per g indicating that also the veins have an impor- 
tant supply of adrenergic vasomotor nerves. 

2. Bovine pulmonary vessels with a diameter of 2 mm and above 
(‘‘large vessels’) contain similar amounts of catechol amines as 
the splenic vessels; lung vessels and other vessels from dog show 
even higher figures. 

3. ‘‘Large” bovine lung vessels contain some 10 times more 
noradrenaline than peripheral lung tissue. This implies that while 
the larger pulmonary vessels are amply supplied with adrenergic 
vasomotor fibres, the small lung vessels are poorly innervated with 
adrenergic vasomotor fibres. 

4. Chromatographic separation of catechol substances in splenic 
and pulmonary vessels has indicated the presence of dihydroxy- 
phenyl acetic acid, dihydroxymandelic acid, dopamine and _nor- 
adrenaline in amounts which are similar for the two kinds of vessels 
but differ greatly from the relative and absolute amounts found in 
lung tissue. 


This work was supported by a grant from the Rockefeller Foundation which 
is gratefully acknowledged. 
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A detailed topographical localization of tactile responses within 


the ventro-basal complex of the thalamus of the cat (Nucleus 


ventralis posterolateralis, VPL, and posteromedialis, VPM) was 
demonstrated by MountcasTLE and HENNEMAN (1949) and RosE 
and MountcastTLeE (1952). CoHEN and GRuNDFEST (1954), on the 
other hand, have presented evidence indicating a diffuse localiza- 


tion of thalamic responses to electrical stimulation of peripheral | 


nerves as well as to tactile stimulation of the skin. There is thus 


a disagreement in the literature concerning the discrete localiza- ) 
tion of the thalamic relays in the specific somatosensory path. | 


On the contrary, topographical organization of the cortical sensory 


area I (SI) seems to be well established (ADRIAN 1941, Haynes | 
and 1944, Hamuy, BromitEy and Woo.sEy 1956). | 


The cortical response to stimulation of the tactile fibres of the ¢ 


lingual nerve and the chorda tympani is, for instance, recorded 


within a small and well localized area rostral to the ectosylvian | 


gyrus (Parton and AmassIAN 1952, ConEN, LANDGREN, STROM | 
and ZOTTERMAN 1957). As we were particularly interested in the | 


thalamic relays of the specific path to the tongue projection area 
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these series of experiments were designed in an attempt to decide 
whether this path relayed within a discretely localized area of the 
thalamus. Evidences for discrete thalamic localization are given 
in the following report. 


Methods. 


Twenty cats were used for the experiments. The problem of localiza- 
tion of the thalamic relays in the sensory path from the tongue was 
approached in two different ways. In one series of experiments system- 
atically selected points within the thalamus were stimulated electrically, 
and the surface response evoked within the sensory motor cortex was 
recorded, the idea thus being to find a locus within the thalamus, where 
electrical stimulation evoked a cortical response localized to the cortical 
tongue projection area. In another series of experiments the thalamic 
response to electrical stimulation of the tongue was recorded. 

The Horsley-Clarke technique was used in both series to select grids 
of points for stimulation or recording in selected frontal or sagittal planes 
through the ventrobasal nuclear complex of the thalamus. In order to 
avoid damage to the chorda tympani in the middle ear, the earplugs 
were fixed in os temporale in a shallow depression drilled about 5 mm 
above the center of meatus acusticus externus. The caudo-rostral axis 
(z) and the dorso-ventral axis (y) in our coordinate system thus differ 
from those of the conventional Horsley-Clarke system (x, and y,), 
with the earplugs in the meati. The medio-lateral axis (z) is identical in 
both systems. The zero point of our y-axis was chosen at the level of the 
earplugs, whereas that of the conventional system (y, = 0) lies 10 mm 
above this level. 

At the end of each experiment, after the brain had been taken out 
for fixation, three points on the floor of the cranial cavity were marked 
with india ink and their coordinates measured. Then the earplugs were 
shifted to the meati, and the coordinates of the points measured again. 
Using these two sets of measurements the x, and the y, axis were drawn 
in our zy-system. The coordinates of any point thus could be read ac- 
cording to both systems (see Fig. 1 and 2). 

In the first series of experiments, when the evoked cortical response to 
electrical stimulation of the thalamus was studied, the cats were anaes- 
thetised with nembutal. After removal of the eye the hemisphere was 
exposed, and the cortical tongue projection area was mapped. The corti- 
cal surface potential was recorded with a platinum ball-spring electrode. 
The electrical stimulation was applied to the lingual nerve or directly 
to the tongue, both methods giving the same cortical response. For 
electrical stimulation within the thalamus a concentric bipolar electrode 
was used. It was insulated except at the tip, had an outer diameter of 
0.5 mm and an interpolar distance not exceeding 0.5 mm. The core was 
used as a cathode. In a few preliminary experiments bipolar steel wire 
electrodes with an interpolar distance of 2 mm were used. 

The interpolar distance as well as the strength of the stimulus will 
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determine the amount of thalamic tissue reached by the stimulus. The 
more localized the electrical stimulation within the thalamus can be 
made, the smaller the responding cortical area will be. Applying a 
moderate stimulus strength (2—3 times threshold of the evoked cortical 
response) to the thalamus by a concentric electrode of the type described 
above, evoked a cortical response limited to areas of a size comparable 
to that of the cortical response to tactile stimulation of the tongue, the 
face, the paw etc. (cf. ADRIAN 1941, Patron and AMAssIAN 1952). 
With increasing stimulus strength the responding cortical area increased. 
but the site of the maximum amplitude of the response remained un- 
changed. Using greater distance between the poles of the stimulating 
electrode, as in the preliminary experiments, resulted in cortical respon- 
ses within large areas of 8S 1. 

The cortical response, evoked from each stimulated point within the 
thalamus, was investigated by recording at 9 different sites within the 
sensory-motor cortex. The recording sites were marked with india ink 
and referred to by a number as shown on the photograph of the hemi- 
sphere in Fig. 1. Number 1 thus lies in the center of the tongue projec- 
tion area; no. 2, 3, 4 and 5 were selected just outside this area, 3 in the 
face, and 4 in the fore paw area of 8 I. Recording point 6 was the center 
of the face cortex, 7 in the fore leg and 8 in the trunk region 7. e. just 
behind the cruciate sulcus. Point 9 was chosen rostrally to the cruciate 
sulcus within the motor cortex. When a relatively localized response 
was obtained its extent was investigated. 

In the second series of experiments, when the response to tongue 
stimulation was recorded within the thalamus, the cats were anaes- 
thetised with pentotal during the operation. The skull was opened with 
a trephine-hole over gyrus marginalis. The earplugs of the Horsley- 
Clarke apparatus were applied as in the previous series, after appropriate 
incisions had been made to expose the temporal bone. Local anaesthesia 
was applied to the incisions and the pressure points of the headholder. 
The spinal cord was blocked by local anaesthesia (xylocain) applied 
extradurally to the exposed second cervical segment. Artificial respira- 


tion was introduced when necessary. The preparation was thus an “en- | 


céphale isolé”’, as the recording was made several hours (at least 4) after 
the last pentotal injection. 

Thalamic recording was made with KCl-filled microelectrodes with 
a tip diameter of 1—5 mw and a resistance of 0.5 to 5 MQ. Records were 


made at intervals of 0.25 mm along each microelectrode track when | 


penetrating through the responding region. 

The recording and stimulating devices were previously described 
(CoHEN et al. 1957). 

Anatomical and histological localization. In the first series of experi- 
ments the site of the stimulating electrode was marked by electrocoagula- 
tion. After the animals had been killed their heads were perfused with 
Ringer solution and then with Bodian’s fluid. The brains were dissected 
and fixed in this fluid. After fixation the brain was sectioned and the 
lesion was localized anatomically according to the Stereotaxic atlas 
of the diencephalon of the cat by JAsPpER and AJMONE-MaRSAN (1954). | 
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Fig. 1. Frontal grid through thalamus illustrating electrode tracks (Roman numer- 
als) and electrically stimulated points along the tracks. Plus indicates points from 
which a cortical response was evoked and minus absence of such a response. y 

Dorso-ventral coordinates used in this series of experiments. y, = Conventional 
dorso-ventral Horsley-Clarke coordinates. z Medio-lateral coordinates com- 
mon to both systems. The caudo-rostral coordinate (x) of tracks XIII — XVII is 
10 whereas I and V lie 0.5 mm caudal (a2 = 9.5) and III and IV 0.5 mm rostral 
(x = 10.5) to this plane. The dotted line encloses the thalamic area from which a 
non-localized response could be evoked in the cortical tongue projection area. The 
square drawn in full gives the part of the thalamic area from which a response 
strictly localized to the cortical tongue area was obtained. Dash-dot line encloses 
points related to the facial and fore paw sensory cortex and dashed lines areas 
related to the motor cortex. The numerals within the enclosed areas indicate the 
localization on the cortex of the maximal response evoked from these points. The 
cortical recording points and the outlines of the tongue projection area are given on 
the photograph of the hemisphere. 
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Fig. 2. Grid in sagittal plane z = 5.5 through thalamus illustrating electrode tracks 

and electrically stimulated points along the tracks. Note XVII with z= 4.5 is 

included for the sake of comparison. The symbols are the same as in Fig. 1. x, 
are the axis in the conventional Horsley-Clarke system. 


In the experiment shown in Fig. 1 and 2 the brain was fixed as described 
above and embedded in celloidin. Serial transverse sections 100 microns 
thick, were made through the investigated part of the thalamus. The 
sections were as much as possible directed parallel to the electrode tracks. 
They were stained with toluidin blue. 

In the second series of experiments the microelectrode was left in a 
position, where a good thalamic response was recorded. While the animal 
was still fixed in the Horsley-Clarke apparatus the head was perfused 
as described above. After fixation of the brain the electrode was with- 
drawn and serial sections were made as before. The microelectrode 
tracks were easily found in the sections. The electrode left in situ during 
fixation left a wider track than those withdrawn before fixation. The 
site of the very tip of the electrode could of course only be approximately 
determined. 
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THE LOCALIZATION OF THE THALAMIC RELAY. 


Results. 


A. Correlation between the localization of the stimulus within the 
thalamus and the response on the cortex. 


In Fig. 1 a frontal grid of points through the thalamus is illustra- 
ted (x, = 9.5). These points were all obtained from one experiment 
and were stimulated electrically. If a surface potential was evoked 
within the sensory motor cortex the point in the coordinate system 
was marked with plus, otherwise with minus. The cortical localiza- 
tion of the response and the thalamic localization of the correspond- 
ing stimulus are indicated with numbers from 1 to 9 as shown on 
the photograph of the hemisphere on top in Fig. 1 and close to 
selected plus symbols in the diagram below. We are primarily 
concerned with the responses obtained from the cortical tongue 
projection area the extent of which is indicated by the dotted line 
around point 1 on the hemisphere. The cortical response referred 
to in this paper is the positive evoked potential of short latency 
which indicates the arrival of tactile impulses in the specific sensory 
path from the tongue (Parton and AmassIAN 1952, CoHEN et al. 
1957). Such a response could be evoked when stimulating within 
the thalamic area surrounded by the dotted line in the diagram 
of Fig. 1. A response strictly localized to the cortical tongue area 
was, however, obtained only when the stimulus was applied within 
the area of the thalamus enclosed by the square drawn in full. The 
coordinates of the center of this area were x = 10, 2, = 9.5, y = 
4.5, y, = 0, 2 = 4.5. The strength of the test stimulus was three 
times the threshold of the cortical potential evoked from this 
point. An electrocoagulation was made here and the point was 
localized histologically. The area enclosed by the square was 
situated within Nucleus ventralis posteromedialis. Stimuli, applied 
laterally to the area (tracks IV and V z = 5.5) evoke responses in 
the cortical tongue and face regions. Still more laterally (z = 6.5) 
the response in the tongue cortex is weak and those of the face 
and fore paw areas dominates (recording points 3 and 4 on the 
hemisphere). Dorsomedially and ventrolaterally to the square- 
marked thalamic region related to the tongue, responses within 
the motor cortex were evoked (9). 

A sagittal grid of points (z = 5.5), obtained from the same exper- 
iments as Fig. 1, is shown in Fig. 2. A response in the cortical 
tongue area was observed when stimulating the thalamic points 
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Fig. 3. Evoked potentials recorded from cortex in response to electrical stimulation 


of the thalamus and the tongue. The effect of a localized electrocoagulation in the 


Nucleus ventralis posteromedialis Thalami is shown. Time 2 msec. Negativity 
is recorded upwards. 


enclosed by the dotted line. The response was, however, not 
localized to this area only, but extended into the cortical face 
region or into the motor cortex. Such a nonlocalized response 
thus was evoked from z, = 8 to z, = 13 in this sagittal plane. 
Fig. 2 further shows that the thalamic area related to the path 
from the tongue is bordered in dorsal, rostral and ventral direction 
by regions from which potentials in the motor cortex could be 
evoked. An interesting feature is the ‘‘road”’ of 9-symbols (response 
in motor cortex) leading in dorso-rostral direction towards the 
larger “‘9-area”’ to the right in the diagram (dashed lines in Fig. 
2). The thalamic face area greatly overlapped with that related 
to the tongue, but extended about 2 mm further caudally. 

In the experiment presented in Fig. 1 and 2 the cortical responses 
to electrical stimulation of the ipsilateral chorda tympani and the 
ipsilateral trigeminal component of the lingual nerve were recorded 
before and after electrocoagulation in point z = 10, y = 4.5, z = 
4.5. The cortical potentials disappeared almost completely after 
coagulation, thus indicating that the tactile path from the tongue 
was interrupted by a lesion of about 2 mm in diameter placed in 
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Fig. 4. Superimposed records of potentials evoked within the Nucleus ventralis 

posteromedialis Thalami by electrical stimulation of the ipsilateral tip of the 

tongue. Time 2 msec. Amplifier time constant 50 msec. Negativity recorded up- 
wards. 
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Nucleus ventralis posteromedialis. Fig. 3 shows a similar result 
obtained in another experiment of the same type. 


B. The thalamic response to stimulation of the tongue. 


The action potentials evoked in the thalamus in response to 
electrical stimulation of the ipsilateral and the contralateral tip 
of the tongue were investigated in 10 ‘“‘encéphale isolé’”’ prepara- 
tions. Fig. 4 shows a series of superimposed records of ipsilat- 
eral action potentials obtained along a microelectrode track 
passing through the center of the thalamic region responding to 
stimulation of the tongue. The coordinates of the track were x = 
10, and z = 4.5. The y coordinates of the recording points are 
indicated by the figures to the left of each record. When following 
the track in ventral direction the first sign of a response was ob- 
served at y = 6.5. Just a trace of a negative wave appeared when 
40 sweeps at 3 per sec. were superimposed. At y = 6.00 a negative 
focal potential was recorded. Its latency was 4 msec. and the dura- 
tion about 4 msec. Proceeding 0.5 mm further down, the negative 
wave increased in amplitude. It was proceeded and followed by posi- 
tive deflections, the entire response thus being a triphasic, positive 

~negative — positive potential. The latency of the initial positivi- 
ty was about 3 msec. and that of the following negative deflection 
slightly more than 4 msec. The latter lasted for some 4 msec. and 
was succeeded by a shallow positive wave lasting 5—6 msec. The 
entire complex thus had a duration of 10 msec. At y = 5.25 the 
response was similar to that described above, but 0.25 mm deeper 
it changed into a positive wave with a latency of 3 msec. followed 
by a trace of a negative deflection. The positivity could be seen 
down to y = 4.75. Below this level it disappeared and no further 
response was observed. A sequence of responses of the type de- 
scribed above was observed only within a small part of the ven- 
tro-basal complex of the thalamus. The extent of the thalamic 
response to stimulation of the tongue is shown in Fig. 5. A frontal 
grid of recording points (xc = 9, 2, © 9) is illustrated to the left 
and a sagittal (z = 4.5) to the right. All observations presented in 
Fig. 5 were made in the same experiment. They agreed with those 
made in the rest of our series. The records of Fig. 4 were selected 
from a similar experiment but in another animal. The responding 
region was found between 3.5 and 5.5 mm laterally to the midline, 
good response being obtained only between 4 and 5 mm laterally. 
The extent in caudo-rostral direction never exceeded 2 mm. Good 
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stimulation was generally observed (cf. the circles in Fig. 6). Units 
responding to cooling of the tongue and others to taste were ob- 
served in this region. The observations made on single thalamic cells 
will be reported in a following paper. In dorso-lateral, rostro- 
lateral, lateral and caudo-lateral direction the thalamic region 
related to the tongue was bordered by regions responding to tactile 
stimulation of the face, mainly to touch of the contralateral 
whiskers, the lips or the chin. Such responses are indicated by 
triangles in Fig. 5. Thalamic recording sites were sometimes found 
in which a tactile response was evoked from the tongue and also 
from some parts of the face close to the mouth (7. e. nose, lips or 
whiskers). These sites were always situated in the periphery of 
the region related to the tongue. When such a recording situation 
was observed dorsally to this region the receptive field changed 
to a pure tongue localization if the microelectrode penetrated 
0.2 mm deeper. Medially to the tongue responses, no activity was 
evoked by the applied stimuli. 

The thalamic response to electrical stimulation applied to the 
ipsilateral and contralateral half of the tongue was compared in 
two experiments. Ipsi- and contralateral responses were evoked 
within the same thalamic region; the ipsilateral potentials were. 
however, generally of larger amplitude. Thalamic cells were often 
found, which were discharged by touch of the ipsilateral tip of the 
tongue only, but cells with a contralateral receptive field were 
also recorded. 


C. Histological localization of the thalamic area related to the path 
from the tongue. 


Lesions caused by electrocoagulation at a site in the thalamus, 
where electrical stimulation evoked a cortical response within the 
tongue projection area, were localized to VPM. The diameter of 
the lesion was about 2 mm and it was thus difficult to determine 
the exact position of the electrode within this nucleus. A more 
accurate localization was obtained by studying the microelectrode 
tracks in histological serial sections. Fig. 6 thus shows a micro- 
photograph of a frontal section through the thalamus where parts 
of three such tracks are seen ending in or aiming at VPM. The 
track marked by an arrow is the one where the microelectrode was 
left after a successful recording of a thalamic response to tactile 
and electrical stimulation of the tongue. The coordinates of the 
recording point were z = 9, y = 5 and z = 4.5. This section was 
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0 5mm 


Fig. 6. Frontal section through the thalamus of the cat used in the experiment of 
Fig. 5. The plane of the section corresponds to that of the frontal grid to the left 
in this figure. The arrow indicates a microelectrode track ending in nucleus ventralis 
posteromedialis (VPM). The electrode, which caused this track, was left in a position 
(c = 9, y = 5, z = 4.5) where a good response to electrical and tactile stimulation 
of the tongue was recorded. Mm, corpus mamillare, MD, nucleus medialis dorsalis, 
VPL, nucleus ventralis posterolateralis GL, corpus geniculatum laterale. 100 yu 
toluidin blue. 


obtained from the experiment of Fig. 5 and corresponds to the 
level of the frontal grid shown to the left in this figure. The VPM 
is clearly visible in the section as a somewhat darker area between 
2 and 7 mm laterally to the midline. The tracks are found between 
3.5 and 4.5 mm laterally and in the series of sections the ventro- 
basal nuclear complex extended 0.6 mm in the caudal and 2.8 mm 
in the rostral direction from the section shown in Fig. 6. The 
figures are given without allowance for shrinkage during the 
histological procedure. The center of the thalamic region respond- 
ing to stimulation of the tongue is thus found medially in the caudal 
half of VPM. However, the responding area does not seem to 
extend to the most medial tip of the nucleus as tracks made at 3 
mm laterally never showed any response. 
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Discussion. 


There is a good agreement between the coordinates of the 
thalamic region, where electrical stimulation evokes a response 
restricted to the cortical tongue projection area, and those of the 
recording sites, where a thalamic action potential was recorded in 
response to stimulation of the tongue. When stimulating in the 
thalamus the relay nucleus in the path from the tongue as well as 
its afferent or efferent fibres will be affected. The stimulus will 
probably affect a volume of thalamic tissue within a radius of 
somewhat less than 1 mm from the tip of the electrode, as negative 
tracks were found at a distance of 1 mm from tracks where good 
responses were evoked (see Fig. 1 tracks III and XVII). The 
spread of the stimulus and the possibility of stimulating the nerve 
fibres outside the relay nucleus may explain, why a rather large 
zone of nonlocalized cortical responses were found to surround the 
region, from which a localized cortical tongue response was evoked 
(cf. the areas enclosed by dotted lines in Fig. 1 and 2). 

We interpret the focal potentials evoked in the thalamus by 
electrical stimulation of the tongue as signs of activity in the relay 
nucleus. As the responding region is very well localized the activity 
in the afferent and efferent paths is apparently not recorded. A 
comparison of the extent of the tongue relay nucleus, determined 
on the basis of the focal potential, and of the total ventro-basal 
nuclear complex (VPM and VPL) will give an idea of the degree 
of topographical localization within the tactile relay nucleus in 
the thalamus. According to our observations the diameter of the 
tongue relay nucleus in no direction exceeded 2 mm, 1 mm being 
a more adequate mean for the dorsoventral extent. The extent of 
the total ventro-basal nuclear complex is about 5 mm in caudo- 
rostral, 4 mm in dorso-ventral and 7 mm in medio-lateral direction 
according to JASPER and AJMONE-MaRSsAN (1954). In our experience 
the borderline between the thalamic relays related to the tongue 
and those related to the tactile path from the face is rather sharp. 
The overlapping zone between the responses in the two nuclei 
was below 0.2 mm. We therefore agree with MountcasTLE and 
HENNEMAN (1949) and and MountcastTLe (1952), who 
found a precise topographical localization within the tactile relay 
nuclei of the thalamus. These authors also mapped a response to 
tactile stimulation of the cat’s tongue. It was observed 4.5 to 5 
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mm laterally to the midline and in frontal planes 9 to 11 and was 
localized to the medial part of VPM. Our observations confirm 
this localization. 

Thalamic action potentials in response to afferent stimulation 
were previously described by MarsHALL 1941 and by MountcasTLE 
and HENNEMAN 1949. The potentials recorded in our study (ef. 
Fig. 4) differ somewhat from those of the previous authors. Mount- 
CASTLE and HENNEMAN observed an almost monophasic positive 
potential and MarsHaLu described a response consisting of an 
initial positive spike, a burst of negative spikes of axonal dimen- 
sion and a positive wave lasting about 50 msec. The initial positive 
potential is also seen in our records, It is actually the dominating 
phase of the action potential in the ventral part of the responding 
region. The medial lemniscus, which contains the afferent fibres 
to the ventro-basal complex passes just ventral to VPM, and it is 
therefore probable that the afferent fibres enter into the tongue 
relay nucleus from below. The previously mentioned authors have 
interpreted the initial positivity as due to the arrival of the afferent 
impulses in the terminals of the lemniscal fibres. Our observations 
agree with such a theory. The latency of the initial positivity was 
3 msec. This fits with the time needed for an impulse to arrive at 
the second relay in the tactile path of the tongue. The length of 
the peripheral path from the tip of the tongue to the medulla is 
between 80 and 100 mm and the conduction velocity in the tactile 
fibres is 70 m per sec. (COHEN et al. 1957). The peripheral conduc- 
tion time is therefore about 1.5 msec. The remaining 1.5 msec. 
seems to be adequate for one synaptic relay in the medulla 
oblongata and for central conduction to the thalamus. We 
interpret the negative focal potential, following the initial 
positivity, as due to postsynaptic activity in the thalamic relay 
nucleus. Thalamic cells, responding to tactile stimulation of the 
tongue were discharged on top of the negative focal potential. 
It corresponds in time to MarsHALL’s burst of spikes of axonal 
dimension also by him attributed to postsynaptic activity. 

The latency of the negative focal potential was 0.7—1 msec. 
longer than that of the initial positive phase. As the latency of 
the cortical response to the electrical stimulation of the tongue is 
5 msec. (ef. Fig. 4) there is about 1 msec. left for central conduction 
time from the thalamus to the cortex and for synaptic delay. at 
the first cortical synapse. The time relations of the responses thus 
agree with the idea that the potentials studied are due to the second 
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relay in the specific tactile path from the tongue to the 
cortex. 

The late positive potential probably corresponds to the late 
positivity described by MarsHALt although its duration seems to 
be shorter in our records. 

Some comments on the localization of the thalamic region where 
electrical stimulation evoked a response in the motor cortex may 
be of interest. The coordinates of this region fit with those of 
nucleus ventralis lateralis (VL). It is found rostrally, dorsally and 
dorso-medially to VPM. The response is, however, also evoked 
within a narrow band rising in dorso-rostral direction towards 
the nucleus. It probably corresponds to a fibre tract going to VL. 
As is well known, fibres from the cerebellum relay in VL on their 
way to the motor cortex. 

It is difficult to draw any conclusions, concerning the localiza- 
tion of the thalamic relays in the gustatory and thermal tongue 
path, from the responses to electrical stimulation of the tongue. 
The findings of ANDERSSON and JEWELL (1957) that bilateral 
electrocoagulation in VPM strongly reduces the ability of goats 
to discriminate between water and taste solutions indicate that 
the gustatory fibres relay in the nucleus. 

According to ALLEN (1923) the chorda tympani fibres relay in 
the rostral part of nucleus tractus solitarius and are conveyed by the 
contralateral medial lemniscus to VPM. In our experience contra- 
lateral responses to electrical stimulation of the tongue were ob- 
tained within the same region as the ipsilateral. These responses 
may, however, very well have been due to tactile fibres. A few 
cells responding to thermal or gustatory stimuli were found in 
the region of the thalamus responding to electrical stimulation of 
the tongue. These observations are in agreement with the hypothe- 
sis that the gustatory and thermal relays may be found in the same 
region as the tactile ones. It is, however, still too early to draw any 
conclusions concerning the detailed localization of the relays in 
these three paths. 


Summary. 


1. The thalamic relay nucleus in the specific sensory path from 
the tongue was localized in the medial part of nucleus ventralis 
posteromedialis of the cat. 

2. The center of the nucleus was found within a region defined 
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by the following Horsley-Clarke coordinates: frontally, 9 to 10, 
laterally, 4 to 5 and dorso-ventrally, 0 to 1. 

3. The focal potential evoked by electrical stimulation of the 
tongue was recorded with microelectrodes in 0.25 mm steps along 
tracks through the thalamus of encéphale isolé preparations. The 
potential was evoked within a well localized region not exceeding 
2 mm in diameter. The overlap with the nearby region of nucleus 
ventralis posteromedialis containing the tactile face relays was 
of the order of 0.2 mm. 

4. Responses to tactile, thermal and gustatory stimulation of the 
tongue were observed within the thalamic relay nucleus. 
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Oxygen Consumption in Relation to Temper- 
ature in Some Poikilotherms. 


By 
EVA VALEN. 
Received 6 February 1958. 


A vast amount of data from a large variety of cold-blooded 
animals have demonstrated that the normal response to an 
acute rise in temperature is a rise in the metabolic rate. Provided 
the change takes place within the normal temperature range of 
the animal, the Qi lies commonly somewhere between 2 and 3. 
The metabolic response often occurs so rapidly that the time 
sequence is difficult to follow with ordinary methods. 

It is also well established that many poikilotherms, in particular 
aquatic ones, have the ability to adapt to long term temperature 
changes, induced by climatic, seasonal or geographical conditions. 
But these forms of temperature compensation represent a mere 
displacement of the metabolism-temperature curve (MT-curve), 
and leave the slope of the curve essentially unchanged (cp. WELLS 
1935, Epwarps and Irvine 1943, Haucaarp and Irvine 1943, 
SCHOLANDER, FLAGG, WALTERS and Irvine 1953, BuLLock 1955, 
SEGAL 1956). 

Reviewing compensation for temperature in poikilotherms, 
Buttock finds exceptions to the above generalizations. He 
points to several cases which seem to demonstrate the ability 
of some animals to maintain their metabolism constant although 
subjected to acute temperature changes of 10° C or more, which 
is to say that these animals have within this temperature range 
a Qi of 1. In some of these cases, 7. e. those of newt, earthworm 
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and frog (VERNON 1897), methods were used which are hardly 
up to modern standards. In other cases, such as for the crayfish 
and the frog, a normal metabolic response to temperature has 
been reported (BRuNow 1911, Krocu 1914, CRoNHEIM and 
PAECHTNER 1927), but ScHLIEPER (1950) found that the crayfish 
did not react to a 10° temperature change for 20 hours. These 
discrepancies indicated the need for further studies. 

This paper presents data on 4 of those animals which have 
been reported as insensitive to rather large variations in tempera- 
ture, namely the newt, T'riton punctatus, the crayfish, Astacus 
fluviatilis, the earthworm, Lumbricus terrestris, and the frog, 
Rana temporaria. In each case the oxygen consumption cf the 
same individual animal has been measured at various tempera- 
tures. 


Experimental. 


The crayfish, Astacus fluviatilis, were caught in a lake near Oslo 
late in September. The 16 animals, males and females, were kept in 
aerated tap water and starved for at least 3 days before experimenta- 
tion. Oxygen consumption was determined by means of the respirom- 
eter for aquatic animals described by ScHOLANDER (1949). Only one 
animal was used per respirometer. The pH of the water in the respira- 
tion chambers remained neutral throughout the experiment. The water 
was also tested for oxygen content with a water-gas analyzer (SCHOLAN- 
DER, VAN Dam, CLaFF and KANWISHER 1955), and was found to retain 
a slight supersaturation throughout the experiment. 

The resting metabolism at 5° C was first determined during 3—4 
hours. The water in the bottle was then replaced by water of 15° C, 
and the respirometer was transferred to a waterbath of 15°, where 
readings were taken every 20 minutes for the next 8—10 hours. The 
crayfish were left overnight in the respirometers open to air. Re- 
cordings were resumed the next day for another 3—4 hours. Records 
were also taken at 5°, 10°, 15° and 20° C. After each experiment 
the crayfish were taken out of the bottles, wiped off and weighed. 

Similar experiments were performed on frogs, Rana temporaria, 
and newts, Triton punctatus. The same respirometer was used, but 
without water and turbine and with reduced volume of the bottle. 
The frogs were starved for 2 days or more at about 10° C before the 
experiments were started. The 6 newts were kept at room temperature. 

In all of the experiments it was necessary to disregard the first 
hour’s run, partly because of the restlessness of the animals and partly 
to allow for sufficient thermal equilibration time. 

The oxygen consumption of the earthworm Lumbricus terrestris, 
was determined in a smaller respirometer (SCHOLANDER, CLAFF, 
ANDREWS and WALLACH 1952) at temperatures from 4° to 26° C. 
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Fig. 1. Oxygen consumption of newt, earthworm, frog and crayfish at graded 
temperatures. The spread is mainly due to weight differences of the animals. 


Oxygen consumption of the resting animals is recorded as cubic 
millimeters O, per gram live weight per hour at standard conditions. 
The MT-curves are all plotted on semi-logarithmic paper to give a 
direct reading of Q,, as a tangent to the curve (cp. SCHOLANDER et al. 
1953) (Fig. 1). 


Results and Conclusions. 


When crayfish were moved from 5° C to 15° C it took about 
one hour for the animals to establish a constant metabolic rate 
at the new temperature (Fig. 2). This perfectly conventional 
response is in agreement with the data given by BRuNow (1911). 
We were unable to reproduce the data of SCHLIEPER (1950), who 
reports that when a crayfish was moved from 5° to 15° water the 
metabolism remained virtually unchanged for some 20 hours, and 
it took more than 4 days for it to reach its normal rate at 15°, 
which was about triple that at 5° C. 

We were likewise unable to reproduce the claimed insensitivity 
to temperature changes in newt, frog and earthworm, which on 
the contrary all showed a conventional Qi. of 2—3. 

The recorded data which led to the conclusion that some 
animals are insensitive to temperature changes, are poorly re- 
producible and suggest that extraneous factors may have masked 
the normal response. 
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Fig. 2. Rate of oxygen consumption of crayfish adapted to 5° C when transferred 
to 15° C. Each curve represents measurements of one individual animal. 


Summary. 


Oxygen consumption at graded temperatures was measured 
for crayfish, frog, newt and earthworm. In contrast to recent 
claims, these animals showed the normal metabolic response to 
rising temperature, with a Qi value of 2—3. 

So far the evidence for diurnal or other short term temperature 
compensation is at best poorly reproducible and the phenomenon 
can hardly be accepted as well established. 


I am deeply indebted to Professor P. F. SchoLanpeER for inspiring guidance 
during all stages of the work. I also wish to express my gratitude to Dr. J. W. 
KANWISHER for assistance in obtaining the data on the earthworm, and to the 
staff of the Institute for technical help. 
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Zentrale und periphere Sympathicusaktivierung 
durch Dehydroascorbinsiure. 
} 
Von 
matic 
1953. A. WEGMANN. 
iM Eingegangen, am 19. Februar 1958. 
Kay- 
1 and | Sener 
inter- PATTERSON und Mastin (1951) beobachteten, dass intravendse 
Injektionen von Dehydroascorbinséure (DHA) in Dosen iiber 
cold- 5 mg/kg an der Ratte eine arterielle Blutdrucksteigerung bewirken. 
“1. Gleichzeitig fand eine starke Salivation und Lacrimation statt, 
fi die durch Atropin unterdriickbar war. Die zentrale vegetativ 
set erregende Wirkung der DHA wurde auf deren Reduktion zu 
Ascorbinsaure in den Zellen der Zentren zuriickgefiihrt und wire 
demnach eine Saéurewirkung. Dementsprechend wurde der Ascor- 


binsiuregehalt des Hirns nach intravendsen Injektionen von 
' 200 mg/kg DHA auf mehr als das Doppelte erhéht, wahrend 
Injektionen von Ascorbinsiure selbst keine Vermehrung_her- 
beifiihrte. 
In vorliegender Arbeit wurde gepriift, ob DHA neben seiner 
} zentralen noch eine periphere vasomotorische Wirkung besitzt, 
moglicherweise durch Freisetzung von Katecholaminen in den 
Nebennieren und in den adrenergischen Nerven. 


Methodik. 


Herstellung von Dehydroascorbinsdurelisungen. 

Fiir ihre Versuche verwendeten PATTERSON und Mastin (1951) 
Lisungen bei denen sie Ascorbinsaure durch frisch sublimiertes Chinon 
zu DHA oxydieren liessen. 

Nach Oxydation der Ascorbinsiure (100 mg/ml) durch Chinon 
entsteht ohne Pufferung eine Lésung mit pH-Werten um 2.5. Da DHA 
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eine neutrale Substanz ist, ist dieser saure Wert auf das Zuriickbleiben 
von Chinon in der Lésung zuriickzufiihren. Diese Lésung von DHA 
fangt schon an im pH-Bereich von 3.0 bis 3.4 unstabil zu werden. 

Bei pH-Werten iiber 4—5 wird DHA rasch in irreversibler Weise 
weiteroxydiert wobei Oxalsiiure und |-Threonsiiure als Endprodukte 
entstehen (Borsook et al. 1937, HawortH und Hirst 1939, WuRMsER 
und DE LoureErRo 1934, u. a.). Das Vorhandensein von durch Aether 
nicht vollstandig extrahiertem Chinon in den Lésungen scheint die 
Labilitat der DHA zu steigern. Da es fiir unsere Versuche wichtig er- 
schien, annahernd neutrale Lésungen zu verwenden, haben wir die 
Oxydation von Ascorbinsaéure durch Jod bevorzugt, da diese Methode 
die Herstellung von DHA-Lésungen in geniigender Stabilitét noch 
im pH-Bereich von 4—6 erlaubte. 

Eine wissrige Lésung enthaltend 100 mg Ascorbinsaéure pro ml 
wurde mit einem kleinen Uberschuss von Jod, gelést in 10 ml Aethyl- 
aether, wihrend 15 Minuten geschiittelt, dann kurz stehengelassen 
und getrennt. Die entstehende Lésung (ungewaschen) ist beinahe 
farblos. Sie enthalt HJ und weist einen pH-Wert um 0.5 auf. Gar 
nicht oder nicht iiber pH 4.0 neutralisierte Losungen bleiben wahrend 
Stunden biologisch praktisch voll wirksam. Bei Erreichen héherer 
pH-Werte nimmt die Blutdruckwirksamkeit schon innerhalb Minuten 
ab. Bei der Kontrolle, ob die Oxydation der Ascorbinsiure bei dem 
beschriebenen Vorgang vollstandig sei, ergab die Titration der DHA- 
Lésung mit Jod Werte, die weniger als 0.05 Prozent der initial vor- 
handenen Ascorbinsiure entsprachen. 

Zur Herstellung von Ascorbinsdéurelésungen empfiehlt es_ sich, 
bidestilliertes Wasser zu verwenden, das durch einen Jonenaustauscher 
filtriert wurde und frei von Cu-Jonen ist, da bei pH-Werten iiber 4 in 
Anwesenheit von Cu-Jonen in Spuren rasch Autoxydation eintritt 
(Barron, De Mero und KLemMpERER 1935—36). 

Bei unseren Resultaten beschrinken sich die Angaben iiber den 
anwendbaren pH-Bereich der DHA-Lésungen auf die Ergebnisse der 
Versuche mit jodoxydierter Ascorbinsaure. 


Tierexperimente. 

Die Wirkung von DHA auf den Blutdruck wurde an der Ratte. 
am Meerschweinchen und an der Katze gepriift. Der Blutdruck wurde 
durch Kanulierung der Carotis von nembutal — resp. urethannarkoti- 
sierten Tieren gemessen. Die intravenésen Injektionen erfolgten intra- 
jugular an Ratte und Meerschweinchen, intrafemoral an der Katze. 


Ergebnisse. 
Wirkung von intravenésen Dehydroascorbinsiureinjektionen auf den 
Blutdruck. 


In Bestatigung der Beobachtung von PaTrERSON und MASTIN 
(1951) fiihrte DHA zu einer signifikanten Blutdrucksteigerung 


Abb 
Deh 
Nor 


| 
| an 
Ka 
kg 
25 
fiih 
DH 
Fal 
Dr 
| in 
dri 
50 
run 
mit 
100 


iben 
HA 
eise 
ikte 
SER 
ther 
die 
die 
ode 
och 


ml 
hvl- 
sen 
ahe 
Gar 
end 
ten 
lem 
{A- 


yOr- 


ich, 
her 
in 
ritt 


den 
der 


TIN 


ZENTRALE UND PERIPHERE SYMPATHICUSAKTIVIERUNG. 365 


a b 


Abb. 1. Blutdruck, Katze, Nembutal. a) Noradrenalin (N) 3ug/kg und 2yug/kg i. v.; 

Dehydroascorbinsaure (D) 50 mg/kg (pH 5.0) i. v. b) Regitin (R) 10 mg/kg i. v.; 

Noradrenalin (N) 3ug/kg i. v.; Adrenalin (A) 5 pg/kg i. v.; Dehydroascorbinsiiure 
(D) 50 mg/kg (pH 5.2) i. v. Zeitmarkierung 1/2 Min. 


an der Ratte. Diese Wirkung tritt auch an Meerschweinchen und 
Katzen ein. Beim letztgenannten Tier zeigten 10 mg DHA pro 
kg einen wenig ausgesprochenen Effekt auf den Blutdruck wahrend 
25 mg pro kg und mehr starke Blutdrucksteigerungen herbei- 
fiihrten. Aufeinanderfolgende Injektionen von 50 mg pro kg 
DHA in Abstanden von 5 bis 15 Minuten bewirkten in den meisten 
Fallen, nachdem bei der ersten Injektion im allgemeinen keine 
deutliche Wirkung oder in seltenen Fallen sogar ein fliichtiger 
Druckabfall eingetreten war, bei der zweiten und dritten Injektion 
in zunehmendem Masse einen Anstieg des Blutdruckes. Von der 
dritten Injektion an war die Antwort auf Injektionsdosen von 
50 mg pro kg praktisch konstant. Die maximale Blutdrucksteige- 
rung entsprach bei dieser Dosierung der Wirkung einer einmaligen 
Injektion von etwa 0.5—3 ug pro kg Noradrenalin (NA) (Abb. 1). 

Kontrollinjektionen von NaJ-Lésungen, entweder neutral oder 
mit HCl auf pH-Werte zwischen 4 bis 6 gebracht zeigten keine 
Blutdruckaktivitat. Ascorbinséurelésungen in Dosen von 50 bis 
100 mg pro kg intravenés sowie aiquimolare Mengen anderer 
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a b c 


Abb. 2. Blutdruck, Katze, Nembutal. a) Elektrische Splanchnikusstimulation (S). 

b) Dehydroascorbinsiiure (D) 50 mg/kg (pH 4.7) i. v.; Noradrenalin (N) 2, 3 und 

1 pg/kg i. v. Zwischen b) und c) 40 mg/kg Hexamethoniumbromid i. v. c) Elek- 

trische Splanchnikusstimulation (S); Noradrenalin (N) 2 yg/kg i. v.; Ringerlésung 

(R) 2 ml i. v.; Dehydroascorbinsaure (D) 50 mg/kg (pH 4.7) i. v.; Noradrenalin 
(N) 1 pg/kg i. v. Zeitmarkierung 1/2 Min. 


organischer Séuren bewirkten an der Ratte bei einem pH unter 
4 eine starke, fliichtige, auch nach wiederholten Injektionen 
eintretende Blutdrucksenkung; bei pH-Werten iiber 4 (Neutra- 
lisierung mit NaOH) zeigten sich in 8 von 11 Versuchen keine 
in 3 Versuchen eine unbedeutende Blutdrucksteigerung. An der 
Katze bewirkte Ascorbinséure bei pH 2.5 nur Blutdrucksenkung, 
bei pH-Werten um 4 bis 6.5 keine Wirkung auf den Blutdruck. 

Das Bestehen der Blutdrucksteigerung von DHA nach beid- 
seitiger Adrenalektomie konnte auch an der Katze bestatigt wer- 
den, wie ebenfalls die vollstandige Aufhebung der DHA-Wirkung 
durch Sympathicolytika (Abb. 1). 

Da in der Regel Krimpfe bei Injektionen von DHA in Dosen 
von 50 mg pro kg und héher eintreten und modglicherweise zum 


Blutdruckanstieg mitwirken kénnten, wurde an kiinstlich beat- | 


meten Katzen 4.5—7.5 mg d-Tubocurarin i. v. verabreicht. Nach 
eingetretener vollsténdiger Muskelparalyse blieb die Blutdruck- 
wirkung der DHA erhalten. 

Da die Méglichkeit besteht, dass ein Teil der Blutdruckwirkung 
der DHA auf Reizung peripherer Nerven beruhen kénnte, wur- 
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a b c d e 


Abb. 3. Blutdruck, Katze, Nembutal. a) Noradrenalin (N) 0.5 pg/kg i. v. b) De- 

hydroascorbinsiure (D) 50 mg/kg (pH 4.9) i. v. c) Noradrenalin (N) 1 pg/kg i. v. 

Zwischen c) und d) Durchtrennung des Halsmarkes. d) Ascorbinsiure-Ascorbat 

(A) 50 mg/kg (pH 4.9) i. v.; Citronensaure-Citrat (C) 50 mg/kg (pH 5.2) i. v.; 

Dehydroascorbinsaure (D) 50 mg/kg (pH 5.0) i. v. e) Noradrenalin (N) 0.05 pg/kg 
i. v. Zeitmarkierung 1/2 Min. 


den ebenfalls an der Katze einige Versuche ausgefiihrt, um die 
Wirkung der DHA nach Ausschaltung des zentralen vegetativen 
Systems durch Ganglienblocker zu priifen. Bei diesen Versuchen 
wurde die vollstaéndige synaptische Blockierung durch Priifung 
des Carotis-Okklusionsreflexes und Beobachtung der Blutdruck- 
wirkung nach elektrischer Splanchnicusreizung sichergestellt. 

Nach Vorbehandlung mit intravendsen Dosen von 0.6 bis 3 
mg/kg i. v. Ecolid (PLUMMER et al. 1955) wurde bei Vergleich mit 
der Wirkung von NA der Effekt von 50 mg/kg DHA i. v. etwa 
um die Halfte abgeschwacht. 

Nach i. v. Verabreichung von Hexamethoniumbromid in intra- 
vendsen Dosen von 30—40 mg/kg ergab sich bei Vergleich mit der 
Wirkung von NA eine starke Abschwachung, jedoch keine voll- 
stindige Aufhebung des blutdrucksteigernden DHA-Effektes 
(Abb. 2). Die regelmassig beobachtete Erhéhung der Herzfrequenz 
und Pulswellenamplitude nach DHA wurde auch nach Vor- 
behandlung mit Ganglienblockern und nach Chordotomie re- 
gistriert, was ebenfalls auf eine periphere Wirkung deutet. 

Die Durchschneidung des Halsmarkes bei der Katze fiihrte wie 
in den Versuchen von PatrERsON und MasTIN an der Ratte zu 
starker Verminderung der Blutdrucksteigerung nach DHA, 
jedoch nicht zur vollstiéndigen Aufhebung der Wirkung 
(Abb. 3). 
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Diskussion. 


PaTTERSON und Mastin (1951) betrachten, wie eingangs er- 
wihnt, die von ihnen beschriebene Wirkung der Dehydroascor- 
binsiure (DHA) auf den Blutdruck als Folge einer Stimulation 
des sympathischen Vasomotorenzentrums. Sie belegen diese 
Annahme mit Experimenten, bei denen an der Ratte durch 
Chordotomie die Wirkung der DHA auf etwa ein drittel, durch 
Sympathektomie —verbunden mit rechtsseitiger Splanchnico- 
tomie — auf etwa die Halfte herabgesetzt wurde. Die Aufhebung 
der DHA-Wirkung auf den Blutdruck durch sympatholytische 
Pharmaca zeigt ferner, dass die Wirkung durch Sympathicus- 
reiz vermittelt wird. Durch Verabreichung von Ganglienblockern 
in Dosen, die eine totale Unterbrechung der synaptischen Reiz- 
iibermittlung bewirken, wird ebenfalls die Wirkung von DHA 
auf den Blutdruck abgeschwacht, dagegen nicht aufgehoben. 
Dem Nebennierenmark kommt nach den Erfahrungen von 
PATTERSON und MastINn, wie nach den unseren, als Erfolgsorgan 
keine gréssere Bedeutung zu. Endlich konnten wir durch Experi- 
mente, in welchen die Versuchstiere curarisiert wurden, ausschlies- 
sen, dass die beobachteten Effekte der DHA auf den Blutdruck eine 
Folge peripherer Muskelkontraktionen oder der veranderten 
Atmung sein kénnten. 

Die von PatTrERSON und Mastin beobachteten Wirkungen der 
DHA sind nicht von dem ziemlich stark sauren Charakter ihrer 
Injektionslésung abhangig, da in unseren Versuchen entsprechende 
Wirkungen auch mit DHA in annéhernd neutraler Lésung auf- 
traten. 

In Bezug auf den zentralen Wirkungsmechanismus der DHA 
denken PaTrEeRson und Mastin (1951), dass die injizierte DHA, 
die in die Zellen rasch einzudringen vermag, intrazellulaér zu 
Ascorbinsaure reduziert werde. Sie vermuten, dass diese dann in 
unspezifischer Weise, dank ihrer organischen Saureeigenschaft, 
die Nervenzellen verschiedener Zentren erregen. Die Méglichkeit, 
dass die Wirkung der DHA auf ihrem Oxydationspotential beruht 
darf jedoch nicht ausser acht gelassen werden. 

Auch eine lokale Freisetzung von Noradrenalin aus adrener- 
gischen Neuronen oder chromaffinen Zellen oder aus den Speicher- 
stellen innerhalb der Neuronen kénnte durch die Ascorbinsaure 
bewirkt werden. Dies liesse sich auch mit den Befunden von 
Eviasson, EvLER und StTJARNE (1955) gewissermassen verein- 
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baren, da diese Autoren eine Freisetzung von Noradrenalin bei 
Durchstrémung der isolierten Milz mit sauren Perfusionslésungen 
nachweisen konnten. 

Die Méglichkeit einer peripheren Katecholaminfreisetzung 
findet eine Stiitze dadurch, dass sowohl nach operativer wie 
auch nach chemischer Unterbindung der efferenten sympati- 
schen Nervenbahnen nach DHA noch eine Blutdrucksteigerung 
und eine erhéhte Herzwirksamkeit beobachtet wurden kann. 


Zusammenfassung. 


1. Die von PatrERsON und MastIN an der Ratte beobachtete 
blutdrucksteigernde Wirkung von intravendés injizierter Dehydro- 
ascorbinséure (DHA) in Dosen von mehr als 5 mg/kg konnte 
auch an der Katze und am Meerschweinchen nachgewiesen 
werden. 


2. Der nach Halsmarksdurchschneidung und synaptischer Unter- 
brechung der sympatischen Nervenbahnen durch Ganglienblocker 
beobachtete, wenn auch stark verminderte Blutdruckanstieg 
und die positiv chronotropen und inotropen Verdnderungen der 
Herzaktivitét nach intravendsen Injektionen von Dehydroascor- 
binséiure weisen jedoch auf einen zweiten, peripheren Aktions- 
bereich dieser Substanz hin. 


Summary. 


1. The findings of ParrErson and Mastin that dehydroascorbic 
acid (DHA) injected intravenously in rats in doses higher than 
5 mg per kg produces an increase in blood pressure, chiefly by 
central sympathetic stimulation, has been confirmed on cats 
and guinea pigs. 


2. Some increase in blood pressure and of heart activity were 
still observed after intravenous injections of DHA after chor- 
dotomy and synaptic interruption of sympathetic nerve conduction 
by ganglionic blocking agents, indicating a second peripheral 
mechanism. 
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Effect of a Catechol Amine Blocking Agent 
(Dibenzyline) on Organ Content and Urine 
Excretion of Noradrenaline and Adrenaline. 


By 
SHAWN SCHAPIRO.! 
Received 2 March, 1958. 


Peripheral blocking agents are assumed to act by preventing 
the postganglionic neurotransmitter from reacting with specific 
receptor sites. The blocking agent is thought to have little physio- 
logical effect of its own. 

ScHAYER, KENNEDY and SmILey (1953) observed in whole 
body recovery experiments on mice, that dibenamine increased 
the rate of destruction of radioactive adrenaline administered 
subcutaneously, while not interfering with the catechol metabolic 
spectrum. They proposed the concept that ‘‘... under normal 
conditions, epinephrine is attached to certain ‘receptors’ where 
it is temporarily removed from destruction.” “If, however, diben- 
amine successfully competes for position on these ‘receptors’ 
a portion of the epinephrine loses this protection and is metabo- 
lized more rapidly.” 

More recently Brown and GILLESPIE (1957) have presented 
strong evidence, based on the recovery of endogenously produced 
noradrenaline, that “... combination with the receptor is a 
necessary prelude to the destruction and removal of liberated nor- 
adrenaline. It is indeed possible that the receptors themselves may 
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destroy noradrenaline in the way suggested by Zupantié (1953) 
for acetylcholine’. Apparently the enzyme systems involved in 
catechol destruction in the liver have a preference for noradrenal- 
ine (Barn and Batty 1952). Thus it is likely that blocking agents 
interfere more with the handling of this catechol than with adren- 
aline. 

The following experiments were based on the assumption that 
if catecholamine blocking agents alter the extent and proportions 
of metabolic inactivation of catechols then this should be reflected 
by changes in the organ content and urinary excretion of adrenal- 
ine and noradrenaline. 


Methods. 


Two groups of ten female rats were used. The weights were between 
200—250 grams. The animals were placed in a community metabolism 
cage for a control period of 10 days. Urine was collected daily, 2.0 ml 
of 1 N HCl being added to the collecting bottles to stabilize the cate- 
chols. The urines were measured, frozen and analyzed for catechols 
within ten days by the method of EuLER and FLopine (1955). Following 
this control period, dibenzyline, 10 mg/kg, was injected intraperitoneally 
into each rat. The powder was dissolved in saline and each rat received 
the appropriate dose in no more than 0.5 ml. The dibenzyline was injec- 
ted daily for an additional period of 8 days, and urines collected and 
analyzed as above. At the end of this period the animals were sacrificed 
and the relevant organs removed, pooled and weighed, and homogenized 
in 5 per cent trichloroacetic acid. The catechol amines in the adrenals 
were determined in the extracts by the same method as above. In the 
heart and spleen the total catechol amines were estimated by oxidation 
at pH 6.5 and expressed as noradrenaline, disregarding the small 
amounts of adrenaline (cf. H6xrett 1951). As controls for organ cate- 
chols two groups of rats of same sex and weight as the experimental 
group were injected daily with similar volumes of saline, and sacrificed 
after an equivalent time period. The organs were removed and analyzed. 


Results. 
1. Effect of Dibenzyline on Urinary Catechols. 


The 10-day-control period of urinary catechol excretion suggests 
an oscillatory variation. However the pattern of the two groups 
of ten rats was roughly similar in each case. For this reason, the 
curve shown in Fig. | represents the average catechol excretion in 
two groups of ten rats during a control period and during dibenzy- 
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AVERAGE DAILY URINARY CATECHOL AMINE OUTPUT 
IN_ TWO GROUPS OF TEN RATS 
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Figure 1. Noradrenaline and adrenaline excretion in normal rats and rats treated 
with a catechol amine blocking agent (dibenzyline). 


line administration. Following dibenzyline there is an abrupt 
increase in noradrenaline excretion which generally continues 
throughout the 8-day-period of treatment. The adrenaline excre- 
tion does not vary appreciably. 


2. Effect of Dibenzyline on Organ Catechols. 


Following the urine collection periods the dibenzyline treated 
animals were sacrificed and adrenals and hearts were analyzed for 
catechols as described previously. The control animals were sacri- 
ficed after a similar period of saline injections. The results of the 
catechol analyses are shown in Table I. It can be seen that there 
was a marked decrease in noradrenaline in all the organs. 


Discussion. 


These experiments have shown that dibenzyline increases the 
urinary excretion of noradrenaline while not influencing appre- 
ciably the output of adrenaline. Also, the content of noradrenaline 
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Table I. 


Catechol amine content in organs from 10 normal and 10 dibenzyline 
treated rats. 


Organ catechols = yg/g. 


Organ Control group Dibenzyline group 
Noradrenaline | Adrenaline | Noradrenaline | Adrenaline 
0.56 | 0.28 | 
Adrenals ..... 280 900 153 357 
Spleen ....... 0.40 0.22 


in the heart and adrenals decreased markedly following treatment 
with this drug as did the adrenaline content of the adrenal. The 
catechol values found for these organs in the control animals agree 
quite well with those reported by H6KFE.LT (1951). The increased 
urinary excretion of noradrenaline could be explained by assuming 
in agreement with Brown and GILLEsPIE (1957) that this drug 
prevented the catechol destruction by blocking its effector receptor 
site. However, it is also possible that dibenzyline has interfered 
with metabolic receptor sites not directly contiguous to the site of 
noradrenaline production, or related to the site of catechol activity. 
For example, it is well known that the liver is a major site of cate- 
chol destruction, and perhaps metabolic receptor sites for catechols 
are interfered with in this organ following dibenzyline treatment. 
Experiments along these lines are now in progress. 

It is unlikely that peripheral blocking agents cause any signifi- 
cant shift in the catechol metabolic pattern. This was demonstra- 
ted by ScoayeR, KENNEDY and SMILEY (1953) who isolated cate- 
chol intermediates by chromatography from the urine and liver of 
normal and dibenamine treated mice following the injection of 
radioactive adrenaline. However, Lockett (1952) in a brief general 
note mentions that sympatholytics interfere with the demethyla- 
tion of adrenaline. 

At the present time an actual increase in catechol production 
following dibenzyline cannot be ruled out. It is more likely, how- 
ever, that the increased excretion represents decreased destruction 
at effector receptor sites and possibly by liver and other metabolic 
receptor areas. 

The data on the organ analysis and adrenal weights during 
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dibenzyline treatment suggest that there was no metabolic or 
functional increase in adrenal activity. The ratio adrenal/body 
weight was approximately the same in both the dibenzyline groups 
(283 mg/kg) and the untreated control groups (290 mg/kg), while 
the catechol content was markedly diminished only in the former. 

It is conceivable that some fraction of determined organ cate- 
chols are actually occupying extra-neural receptor areas. These 
‘bound’ catechols, having a specific turnover time, may be displaced 
by dibenzyline, resulting in the decreased organ content observed 
in these experiments. 


The technical assistance of Britt-Mariz S6DERLUND in this study is ap- 
preciatively acknowledged. This study was supported by funds provided by the 
United States Public Health Service. 


Summary. 


1. The urinary excretion of noradrenaline and adrenaline was 
determined in normal rats and rats receiving dibenzyline. The 
effect of this blocking agent on the catechol content of the adrenals, 
heart and spleen was also observed. 

2. Dibenzyline caused an increased excretion of noradrenaline, 
and a decreased organ content of catechols. Urinary adrenaline 
remained unchanged. 

3. The significance of these findings is discussed in the light of 
the effector catechol receptor theory. It is suggested that dibenzy- 
line may interfere with the metabolism of catechols in areas not 
contiguous to their site of production. 
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